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SUMMARY
A technique is developed whereby Silicon Carbide whiskers may be incorporated 
uniformly into epoxy resin using an ethanol transport medium. Volume fractions up to 
10% are achieved. The mechanical properties of the whisker loaded resin are studied 
using uniaxial tensile coupons and compact tension test methods. With increasing fraction 
of whisker, the tensile modulus, tensile strength and fracture toughness are all found to 
increase significantly.
A method for producing hybrid E-glass fibre/epoxy resin/SiC whisker crossply 
laminates is developed from an existing frame winding technique. Scanning electron 
microscopy of polished sections of the resultant laminates confirm that an reasonable 
distribution of the whisker in the matrix is achieved. Laminates containing 0%, 2% 5% 
and 10% matrix volume fraction of SiC whisker are fabricated. Tensile coupons taken 
from the laminates were tested under quasi-static and tension-tension fatigue loading 
conditions. Under both static and fatigue loading, the residual stiffness and accumulation 
of cracks in the transverse ply are monitored. It is shown that the presence of whisker 
delays the onset of matrix cracking and the subsequent multiplication of transverse ply 
cracks under both static loading and fatigue loading conditions.
A model to describe the transverse ply crack spacing-applied stress relationship for 
each laminate type under static loading conditions is developed. The model is based on a 
combination of a shear-lag stress analysis with a two parameter Weibull statistical 
description of the transverse ply strength variation,
A computer simulation is developed which simulates the propagation of transverse 
ply cracks across the width of a laminate based on a fracture mechanics analysis. Using a
11
Paris law expression to describe the growth of individual cracks modified to allow for 
crack interaction the model predicts the variation in residual stiffness with increasing 
fatigue cycling.
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CHAPTER ONE
INTRODUCTION
1. INTRODUCTION
Composite materials, that is materials containing two or more components such as 
CFRP or GFRP continuous fibre systems, have the advantage over more traditional 
engineering materials of greater specific strength and stiffness. This makes them 
particularly attractive as aerospace grade materials.
A unidirectional composite material consists of fibres which are aligned and so give 
maximum strength and stiffness properties when the direction of loading is parallel to the 
fibres. Unidirectional reinforced composites are extremely anisotropic in nature and 
display very poor stiffness and strength properties in the off-axis directions, hence their 
use is limited. Most practical applications require laminates to be made in which fibres 
are orientated to support loads applied in more than one direction i.e. the designer may 
"tailor" the material to suit the loading conditions. The simplest such laminate is a 
crossply laminate which contains fibres at 0° and 90°. On loading a crossply laminate 
parallel to the 0° plies it is found that the 90° plies fail by multiple cracking of the matrix 
at a low value of applied strain (typically starting at about 0.3% in GFRP) relative to the 
ultimate tensile strain, of the fibres which may be of the order of 1-2%. This damage 
may be considered subcritical in that it does not lead to catastrophic failure of the 
component but it may lead to a number of detrimental effects:
i) the effective stiffness of the component is reduced;
ii) matrix cracking may allow fluid weepage;
iii) matrix cracking allows the ingress of moisture or other detrimental fluids (e.g. 
corrosive liquids);
iv) the effective toughness of the component may be reduced; and
v) the matrix crack may provide a favourable site for the initiation of more 
detrimental forms of damage.
Given these factors, it is clearly desirable to reduce matrix cracking by modifying the 
composite. There are a number of ways of achieving this, including reduction of the 
transverse ply thickness, the addition of a modifying agent to the transverse ply resin 
matrix or the use of interleaving layers between plies. These methods are discussed more 
fully in the following chapter.
An alternative approach is to produce a composite consisting of two or more 
different types of reinforcing fibres, in effect a hybrid composite. The concept of 
hybridisation is not a new one and has been realised using a number of different fibre 
combinations. For example, graphite fibres are strong, low density and possess a high 
elastic modulus but are expensive while glass fibres are relatively inexpensive and possess 
a higher fracture strain. Combination of these two reinforcements in a composite has been 
found to give optimum performance in terms of mechanical properties and relative cost. 
Such hybrid glass/carbon composites have found application m racing car bodies, 
helicopter blades and power boats. Returning more specifically to the problem of matrix 
cracking, the idea that the addition of a secondary reinforcing agent to the matrix of a 
continuous fibre composite may improve the matrix-dominated properties (including 
resistance to matrix cracking, delamination and compressive failure) while not 
compromising the fibre-dominated characteristics (tensile strength, modulus, strain to 
failure) is not an unreasonable one. However, such an idea is not straightforward to 
implement. The supplementary reinforcement must not only toughen the matrix but also 
must possess a diameter and aspect ratio such that the continuous fibre packing efficiency
is not disrupted. In addition, in order to be economically viable the manufacturing 
techniques should be adaptable to processes and equipment used currently to fabricate 
aerospace grade composites. Material cost is also an important consideration. In the past, 
candidate materials for use as a supplementary reinforcement, such as sapphire or silicon 
carbide whiskers, while fulfilling all the mechanical requirements were found to be much 
too expensive to be realistic choices. However, with the advent of technology capable of 
producing relatively affordable SiC whiskers by the pyrolysis of rice husks, a common 
agricultural waste product, interest has once more arisen in this possible matrix 
reinforcing candidate (Lee & Cutler 1975).
The aim of this project is to study the mechanical properties of such a hybrid 
composite consisting of continuous glass fibre in an epoxy resin matrix with 
supplementary SiC whisker reinforcement. Of particular importance to this study is the 
effects of the the supplementary reinforcement on matrix cracking under quasi-static 
loading and mechanical fatigue cycling.
The structure of the thesis is as follows. In the literature review the previous use 
of SiC whisker as a toughening addition is described and matrix cracking is reviewed in 
detail. The remaining chapters describe the processing, mechanical testing and modelling 
of the hybrid glass/SiC whisker composites.
CHAPTER TWO
LITERATURE
SURVEY
2. LITERATURE REVIEW
2.1 MATRIX TOUGHENING
It is well established that the tendency for matrix cracking within crossply polymer 
composite laminates may be reduced by modifying the polymer matrix. Garrett and 
Bailey (1977) found that the addition of a flexibilizing resin to produce an increase in 
matrix failure strain enhanced the cracking resistance of the transverse plies in crossply 
GFRP laminates. However, the use of a more compliant matrix throughout the laminate 
has the drawback that the primary properties of the laminate such as longitudinal tensile 
strength, compressive strength and the environmental resistance may be affected 
adversely. In order to overcome this problem Leaity, Smith & Bader (1989) developed 
hybrid matrix laminates in which a flexibiliser was used to modify the matrix of the 90° 
plies only. They found significant increases in the matrix cracking resistance of the 
transverse ply in a crossply laminate compared to a uniform epoxy matrix.
In a study of both toughened matrix glass/epoxy and toughened matrix 
carbon/epoxy systems, Chan & Wang (1990) found the use of a low modulus matrix in the 
90° ply in crossply laminates minimized the effect of the property mismatch between the 
90° core ply and the 0° load carrying plies, thus improving the transverse cracking and 
délamination resistance compared to epoxy matrix crossply laminates.
An alternative method of limiting damage within crossply laminates was developed 
by Altus & Ishai (1990). They investigated the effects of soft adhesive interlayers 
embedded in a crossply laminate on transverse cracking, delamination and their 
interaction. They found an increase in matrix cracking resistance compared to crossply 
laminates which did not contain an adhesive layer.
The use of thin 90° plies has also been found to increase the resistance of a 
laminate to matrix cracking; see for example Parvizi, Garrett & Bailey (1978) and 
Crossman & Wang (1982). This is discussed in more detail when predictive models are 
considered (Section 2.3.2).
2.2 SIC W HISKER AS A MATRIX TOUGHENING AGENT
In the 1960s, researchers began to investigate the effect of incorporating high 
strength whiskers such as sapphire and SiC into various metal matrices. It was found that 
despite the superior mechanical properties of the whisker reinforced materials when 
compared to many other engineering materials, the likely high cost of these materials was 
expected to prevent their widespread use. More recently the advent of processing 
technology capable of producing SiC whisker from rice hulls (Lee & Cutler 1975) has led 
to renewed interest. This interest has resulted in a number of studies of SiC whisker 
acting as a reinforcement for polymer, ceramic and metal matrix composites. A brief 
overview of the use of SiC whisker acting as a reinforcing agent for each of these three 
types of materials is given below.
Information relating to the addition of SiC whisker to polymer matrix composites 
appears somewhat limited at the present time, compared to the number of publications 
available on the subject of SiC/ceramic and SiC/metal matrix systems and, in addition, the 
work undertaken previously is appears contradictory. Akiyama and Yamamoto (1986) 
studied the effect of adding SiC whisker to PEEK based polymers and found that there 
was an increase in the flexural modulus, bend strength and tensile strength of the material. 
However, work by Garcia and co workers (1987) found that whisker abrasion of the 
primary long fibres can lead to degradation of the strength of the composite system.
Turning to ceramic systems, SiC whiskers have been incorporated into a range of 
ceramic matrices such as alumina, zirconia and silicon nitride. In general they have been 
found to increase the fracture toughness of ceramics and improve their high temperature 
creep resistance.
Considering firstly alumina matrix composites, Becher & Wei (1984) found a 
significant increase in fracture toughness of the material on the addition of whisker; the 
toughness of the material increasing from 4.5 MPa m '^  ^ for alumina to 8.5 MPa m '^  ^ for a 
composite containing 20% whisker volume fraction. This increase in fracture toughness 
was coupled with an increase in strength from 400 MPa for the unreinforced oxide to 
600 MPa for the material containing 20% whisker volume fraction.
Similar results have been found when SiC whisker is added to zirconia. Claussen 
et al (1986) found a two fold increase in the fracture toughness of a zirconia matrix 
containing 20% SiC compared to the unreinforced zirconia. However, in contrast to the 
alumina-based material the strength of the zirconia composite was found to be inferior, 
with the tensile strength being reduced from 1200 MPa to 600 MPa on addition of 
reinforcement. This was thought to be due to factors such as (i) a thermal expansion 
mismatch between the whisker and the matrix material, and (ii) non uniform whisker 
distribution leading to stress concentrations.
Similar trends have been observed for the addition of 30% SiC to hot pressed 
silicon nitride. The reinforcment of the material resulted in an increase in fracture energy 
of 2.5 times but a reduction in strength at both low and high temperatures.
Finally, we consider the use of SiC whisker in the reinforcement of metals to 
produce metal matrix composites. In recent years, whisker reinforced aluminium has been 
the subject of a number of studies e.g. Divecha et al (1981), Badini (1990), Nieh (1984).
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These materials possess superior mechanical strengths to those of unreinforced aluminium 
alloys and to SiC particle reinforced composites (Lederich & Sastry (1982), Hasson et al 
(1985), Masuda & Tanaka (1992)). Moreover they have a greater ductility and, 
associated with this, a greater ease of fabrication than continuous SiC fibre reinforced 
aluminium matrix composites (Arsenault, 1984). Although the reactivity between the SiC 
whiskers and the aluminium matrix is low, it is sufficient to produce a considerably 
stronger material than the aluminium alloy matrix itself. In addition, the low reactivity 
results in good thermal stability (Badini 1990). Equally important it has been found that 
magnesium and aluminium composites reinforced with these whiskers can be formed into 
useful structural shapes by a variety of conventional techniques such as forging, extrusion 
and rolling (see for example Divecha et al, 1981). The fatigue strength of aluminium 
matrix materials has also been found to increase (e.g. Masuda & Tanaka 1992) with 
increasing additions of SiC whisker.
2.3 MATRIX CRACKING IN CROSSPLY LAMINATES UNDER STATIC
LOADING CONDITIONS
2.3.1 CRACK INITIATION MECHANISM
When a tensile load is applied to a crossply laminate the first form of damage often 
observed is cracking in the transverse ply in a plane perpendicular to the direction of 
loading. The cracks span the thickness of the ply and the width of the laminate. It is 
generally accepted that within GFRP and CFRP materials these cracks initiate by a 
process of fibre/matrix debonding and the subsequent coalescence of these debonds at 
higher strains to form a crack nucleus and ultimately a complete transverse ply crack.
The aim of this section is to summarise the relevant work which has been undertaken in
this area.
The transverse crack initiation mechanism has been studied experimentally by 
Bailey and Parvizi (1981) using in situ SEM techniques. They observed the formation of 
cracks on the edge of transparent glass/epoxy and glass/polyester crossply specimens, 
under tensile quasi-static and tension-tension fatigue loading conditions. For the polyester 
matrix material, there was evidence of fibre-matrix debonding in the transverse ply prior 
to loading. They attributed this debonding to residual thermal strain in the transverse ply 
after manufacture which they calculated to be far greater in the polyester laminate (0.25%) 
than in the epoxy laminate (0.08%). In the epoxy matrix material they observed the 
damage process to begin at strains as low as 0.1%. At this strain, fibre matrix debonds 
occured, the process being visible at 0.3% strain as a "whitening" phenomenon, the 
whitening being caused by light scattered by the gaps which are generated between fibres 
and resin when the fibres debond. At about 0.4% strain, they observed that some of the 
debonds began to link up and propagated through the inter-fibre resin, to form cracks of 
two or three fibre diameters in length. These microcracks are crack nuclei which are 
capable of propagation at higher strains in both the thickness and width directions.
Manders et al (1983), using an optical "dark field illumination technique" which increased 
the resolution of such observations also observed similar fibre matrix debonds m 
glass/epoxy under the influence of thermal strain and prior to the application of any 
external load. Observations of similar crack initiation in other systems have also been 
performed, including carbon-epoxy laminates (Harrison & Bader, 1981) and Kevlar fibre 
laminates (Ganczakowski et al, 1987).
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A number of factors have been found to affect the crack initiation process. One of 
these factors is the strain magnification which occurs within the matrix between closely 
spaced fibres. Kies (1962) calculated the localised strain in the resin between two fibres 
under an applied load perpendicular to the fibre direction. He expressed the strain 
magnification factor (SMF) (the ratio of this local strain in the resin matrix to the nominal 
applied strain), in terms of the fibre volume fraction and the fibre and resin moduli. In a 
GFRP laminate, the SMF approached a value of 20 as the interfibre distance tended to 
zero. This value is significantly lower for carbon/epoxy as a result of the low transverse 
modulus of the carbon fibre. Bailey and Parvizi (1981) considered two cases based on the 
Kies model. Firstly they considered the case where the fibres are well bonded to the 
matrix and secondly the case where little or no bonding occurs. They found limited 
agreement with their experimental data which they attributed to the over-simplification of 
their model with respect to the fibre distribution.
It has been shown experimentally that cracks initiate in regions of higher fibre 
volume fraction (Bailey et al, 1979; Bader et al, 1979) which supports the strain 
magnification theory. In laminates which have transverse plies which are not uniform in 
thickness ,it has been found that cracks initiate preferentially in regions of greater ply 
thickness (Sheard, 1987). These phenomena will be discussed in greater detail in the next 
section.
2.3.2 CRACKING THRESHOLD STRAIN
The threshold strain at which the first full matrix crack (i.e. spanning the ply 
thickness and width) occurs within the 90° ply in crossply laminates has been the subject 
of a number of studies. These studies have included experimental observations such as the
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work by Parvizi & co workers (1978), Wang & co workers (1984), Boniface & Bader 
(1985) and Flaggs & Kural (1982) as well as analytical investigations. Of these analytical 
models some use a strength based approach, for example Garrett & Bailey (1977),
Manders et al (1983), Fukunaga et al (1984) or Peters (1986), while others take a fracture 
mechanics approach (e.g. Parvizi et al 1978, Hahn & Johannesson 1983, Ogin et al 1984, 
Dvorak & Laws 1987),
The analytical models used to consider strain to first cracking quantify the effects 
of several parameters on this value:
a) 90° ply thickness and modulus;
b) constraining adjacent ply thickness, orientation and modulus;
c) transverse ply strength (strength based models) or transverse ply toughness
(fracture mechanics based models)
Parvizi & co-workers (1978), and a number of authors subsequently (e.g. Bader et 
al (1979), Flaggs & Kural (1982), Han et al (1988)) found that decreasing the 90° ply 
thickness resulted in an increase in the transverse ply cracking threshold strain, to the 
extent of complete crack suppression at very small ply thicknesses. In order to explain 
these observations, Parvizi & co-workers (1978) used an energetics model based on earlier 
work by Aveston, Cooper & Kelly (1971). Parvizi & co workers used the fracture 
mechanics approach that in order for a crack to propagate the strain energy released must 
exceed the energy of formation of the two new fracture surfaces. Similar fracture 
approaches have been used by a number of other authors (Han et al, 1988; Dvorak & 
Laws, 1987; Wang, 1984; Caslini et al, 1987 ). The model of Parvizi and co-workers 
was found to predict correctly the trend of increasing ply strain to first failure with
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decreasing 90° ply thickness for thin plies. At larger ply thicknesses the transverse ply 
strain to failure was found experimentally to approach a constant value and agreement 
with the model was poor (Bader et al 1979). Bailey and co-workers (1979) suggested that 
a transition from 'thin' ply to 'thick' ply behaviour occurs due to there being a critical 
flaw size for crack propagation.
Figure 2.1 shows a recent schematic representation of crack initiation and 
propagation for both thin and thick ply behaviour (Leaity et al (1992)). For thin plies the 
critical flaw size is greater than the transverse ply thickness, therefore a crack nucleus can 
span the full thickness of the 90° ply and is effectively constrained by the adjacent plies 
prior to propagation across the width of the 90° ply (Ogin & Smith 1985). For larger ply 
thicknesses, the critical crack nucleus is less than the ply thickness so that crack 
propagation may be considered unconstrained and crack growth is catastrophic across the 
transverse ply thickness and width once the flaw reaches the critical size for fast fracture 
i.e. growth is mechanism controlled. The critical ply thickness for the transition from thin 
ply to thick ply behaviour has been found to be in the region of 0.5 mm for GFRP 
laminates (Garrett & Bailey (1977b), Bader et al (1979), Ogin et al (1987)).
With regard to the direction of crack propagation, the majority of fracture 
mechanics approaches to the problem have assumed, not always explicitly, a flaw which 
spans the thickness of the 90° ply and grows across the width of the coupon parallel to the 
fibre direction (Dvorak & Laws (1987), Hahn et al (1988), Ogin & Smith (1987) and 
Caslini et al (1987)). In an alternative approach, Wang and co workers (1980, 1982,
1984) considered the case where a crack extends initially across the width of the coupon 
and grows across the thickness of the transverse ply. Although reasonable agreement with 
experimental data for crack accumulation was found, the model suffers from the drawback
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that unlike other models the proposed direction of crack propagation (through thickness) 
has not been observed experimentally.
The case of an initial flaw partially spanning both the thickness and width of the 
90° ply was considered by Laws and Dvorak (1987). By determining the critical strain 
energy release rate for flaw propagation in the width or thickness directions they 
calculated that in the 90° plies the strain to first cracking was dependent upon flaw 
propagation across the laminate width. For mechanism-controlled crack growth, (thick 
90° plies) propagation of the flaw across the thickness of the 90° ply was found to be the 
controlling factor. As a consequence they concluded that edge preparation is crucial to 
crack initiation in thick plies because damage incurred by the free edges may result in a 
significant drop in the measured cracking strain threshold, due to the introduction of 
flaws. Laws & Dvorak found good agreement when comparing their theoretical 
predictions of strain to first failure as a function of ply thickness with the experimental 
results of Crossman & Wang (1982) and Wang (1984).
Ogin & Smith (1987) used a theory based on a stress intensity approach which they 
had developed earlier for fatigue (Ogin & Smith 1985) to derive a value for the critical 
stress intensity factor necessary for crack propagation under quasi-static loading at large 
crack spacings. In this theory they proposed that the value of the stress intensity factor 
associated with a growing crack was independent of crack length. They justified this by 
noting that the load in the plane of a transverse ply crack is shed into the adjacent plies 
over most of the crack length rather than building up in the region of the crack tip. Using 
their expression for the stress intensity factor, and relating this to the 90° ply toughness 
parallel to the fibre direction, they also calculated the critical transverse ply thickness at 
which the transition from thick ply to thin ply cracking occurs.
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A fracture mechanics approach incorporating a shear-lag analysis was also used by 
Caslini and co-workers (1987) who derived a closed-form expression for the energy 
release rate (G) as a function of crack spacing for a (0/90)  ^ laminate. By setting the crack 
density to zero in this expression, they derived an expression for the onset of matrix 
cracking similar to that of Parvizi et al (1978) and Bader et al (1979). Caslini et al 
compared their expression to that calculated by finite element analysis and found 
reasonable agreement.
The effect of neighbouring ply orientation has been studied by Flaggs & Kural 
(1982). Their experimental results showed that in the thin ply regime, the effect of the 
orientation of the neighbouring plies on the cracking strain of the transverse ply may be as 
much as 30% for (±0/9Ojg laminates with large values of 0, falling to about 10% for 
thick transverse plies where the constraint due to neighbouring plies is less significant. 
These effects could not be explained entirely using the shear-lag/energy based model of 
Parvizi et al.
Aside from predicting crack initiation, shear-lag analysis can be used to predict 
progressive cracking in a crossply laminate and the associated residual modulus. 
Progressive cracking is reviewed in the next section and the residual modulus is discussed 
in section 2.3.4.
2.3.3 MULTIPLE FRACTURE
For the purposes of the present work, the review of multiple fracture in the 
transverse ply of crossply laminates will concentrate mainly on strength based shear-lag 
analyses, and more specifically, on those analyses which incorporate statistical 
modifications to the basic multiple cracking theory.
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Shear-lag analysis considers the manner in which stress is redistributed around a 
transverse crack in a cracked crossply laminate. In the plane of the transverse crack, the 
crack carries no load, but away from the crack plane load is shed back from the 0° ply by 
shear. Well away from the crack, the 90° ply stress reaches the uncracked value. The 
region over which the stress is disturbed is about one transverse ply thickness. There are 
various elastic shear lag analyses for 90° ply cracking and they differ mainly in the 
manner in which they predict the rate at which the load is shed back into the 90° ply.
Most shear-lag analyses share a number of assumptions:
a) the plies remain linear elastic during cracking;
b) the interface between the plies is linear elastic;
c) the displacement in a longitudinal ply is uniform;
d) the displacement in the transverse ply is either uniform, or takes some other simple 
profile across the ply thickness;
e) the interfacial shear stress is proportional to the relative displacement between 
plies.
Garrett & Bailey (1977a) assumed a linear displacement profile in the 90° ply as a 
result of uniform shear across the ply. Their analysis was based on a theory put forward 
by Aveston & Kelly (1973) for multiple cracking in unidirectional composites. The 
approach assumes that the 90° ply has a unique strength value at which the first crack will 
occur. Further cracks, which occur at higher loads, are taken to occur midway between 
two existing cracks since this position corresponds to the region of greatest stress between 
the cracks. The theory was developed by Parvizi & Bailey (1978) to relate applied stress
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to crack spacing, and good agreement was found between the model and their 
experimental results.
Alternative shear-lag analyses have been used. Steif (Appendix to Ogin et al 1985) 
assumes a parabolic displacement profile in the 90° ply, as do Han et al (1988). A rather 
different form of shear lag analysis was proposed by Highsmith & Reifsnider (1982) in 
which they assume all shear deformation occurs in a thin resin rich region spanning the 
0/90 interface which acts as a shear spring. This analysis has been employed by a number 
of other workers. (Fukunaga et al 1984, Peters 1986, Dvorak & Laws 1988).
One of the problems with the models discussed above is that they do not consider 
the presence of various inherent defects in the transverse plies such as voids, areas of high 
fibre volume fraction and other favoured sites for crack initiation in the 90° ply. The 
consequence of such flaws is a variation in 90° ply strength which ought to be combined 
with a shear-lag model. To allow for this, a number of authors have considered the crack 
multiplication process incorporating a statistical element to allow for the strength variation.
Manders et al (1983) used a Weibull distribution in order to model the transverse 
ply strength variation and incorporated this into a shear-lag analysis. They suggest that 
their statistical technique complements the strength based model of Garrett, Bailey & 
Parvizi in the following way. At large crack spacings, there is a relatively uniformly 
stressed region between two existing cracks and the disturbed stress region adjacent to a 
matrix crack is relatively small in comparison to the crack spacing. The position of a new 
crack in the 90° ply is thus determined primarily by the distribution of flaws present in the 
ply so that a statistical analysis is appropriate under these conditions. At smaller crack 
spacings (of the order of a few ply thicknesses) the region over which the stress varies is a 
significant fraction of the crack spacing. In this case it is the variation in stress, and not
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the ply defect distribution, which primarily governs the position of the next crack and 
hence the Garrett, Parvizi & Bailey model is considered more appropriate.
A shear-lag model incorporating statistics has also been used by Fukunaga et al 
(1984). This model also used a two parameter Weibull analysis; however, it differed 
from the Manders model in that it incorporated residual thermal strains and the effects of 
Poisson strains within the laminate. They obtained reasonable agreement with existing 
experimental results for crack onset and multiplication.
Peters (1984,1986) also used a two parameter Weibull model for the strength of 
the transverse ply. In this work he determined the strength experimentally using a 
transducer to note the occurrence of each individual transverse ply crack. The 90° ply 
was assumed in the modelling to consist of a series of elements (length Ig) each of which 
could only break once. The element length was defined by assuming that the limits of 
each element were defined by the points where the stress in the ply had risen to 90% of 
the stress remote from the crack. In studies of CFRP laminates in which the ply thickness 
was varied Peters observed an increase in Weibull shape parameter and ply strength with 
decreasing ply thickness. This was explained in terms of a constraint on the growth of 
defects which occurs in a region of constant depth close to each 0/90 interface; the 
constraint effect is more significant with thinner plies. Peters & Chou (1986,87) applied 
their statistical analysis to the CFRP and GFRP data of Parvizi and Bailey (1978). They 
found that in the thicker GFRP laminates an abrupt change occurred in the strength 
distribution at intermediate probabilities of failure which manifested itself as a decrease in 
the cracking rate with applied stress. They attributed this to the shear stress near existing 
cracks being in excess of the shear yield strength or interlaminar shear strength of the 
0/90 interface so that it becomes increasingly difficult to introduce further stress to the
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90° plies. Peters & Andersen (1989) showed that such a distribution could be used to 
describe the strength variation in crossply CFRP as a function of temperature, 
incorporating both mechanical and thermal strain. They also suggested that the first few 
transverse ply failures were dominated by the failure of the matrix because of the presence 
of inherent flaws. For elements that failed at higher strains they suggested that cracking 
occurs due to the failure of the fibre matrix interface. This view was supported by Leaity 
et al (1992a,b) in their study of hybrid matrix laminates. In their work Leaity & 
co-workers used a similar method of analysis to Peters for work on hybrid matrix 
glass/epoxy/urethane crossply laminates. Monitoring the failure strain of each element 
allowed the characteristic strain (cq) and shape parameter (m) to be determined in a 
two-parameter Weibull model.
Wang & co-workers (1982,84) developed a simulation for transverse ply crack 
multiplication which is a combination of statistics and a finite element analysis. They 
assume a distribution of flaws within the 90° ply, such that the relative position and size 
of the flaws are distributed according to a normal distribution. The stress at which the 
first crack occurs is considered to have been reached when the strain energy release rate 
of the largest flaw equals the critical strain energy release rate of the material. The stress 
shielding resulting from the crack growth means that the effective strain energy release 
rate (G) of neighbouring flaws is reduced depending on their distance from the crack.
They express the apparent decrease in G for the growth of neighbouring flaws in terms of 
a energy release retention factor R(S) which is a function of the ratio of the crack spacing 
to transverse ply semi-thickness. The stress to propagate further flaws is increased as 
R(S) falls. The cracking process continues until the saturation spacing is attained.
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Naim and co-workers (1989,1992) also modelled the variation in effective G with 
increased crack density with a scaling function. They coupled the scaling function with a 
second function which allows for the variation in current crack spacing and the increased 
likelihood of a transverse ply element failing when it has a length greater than the mean 
length. They found good agreement for their model with their experimental results for 
(0/90); laminates from a number of different material systems.
Laws & Dvorak (1988), in a slightly different approach also based on fracture 
mechanics, assumed that during the crack multiplication process the location of the next 
crack is determined by a probability density function and they compared three possible 
alternatives: the first, where each crack is assumed to occur midway between two existing 
cracks; the second, where each position between cracks is equally likely to fail; and 
finally the third option in which the probability of cracking is taken to be proportional to 
the stress in the transverse ply, which they calculate using a shear-lag analysis. Using an 
expression for the strain energy release rate they had determined in earlier work (Dvorak 
& Laws 1987), they found that the third option, in which the probability of cracking is 
proportional to the transverse ply stress, gave the closest agreement with experimental 
data. They compared the resulting predictions of crack density as a function of applied 
stress to the experimental findings of Highsmith & Reifsnider (1982) and Wang 
(1982,1983) and found reasonable agreement between their model and the experimental 
results.
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2.3.4 STIFFNESS REDUCTION
Associated with the growth of transverse ply cracks there is a reduction in stiffness 
of a laminate. For a typical (0/90); GFRP laminate, this may be about 15% for saturation 
cracking, but much less for a CFRP laminate because the stiffness is dominated by the 0° 
plies. Various approaches have been used to model this behaviour.
In early works, Highsmith & Reifsnider (1982) used a shear-lag analysis to predict 
the longitudinal elastic modulus of a (0/90^); glass/epoxy laminate at various crack 
densities. The predicted residual elastic modulus values calculated were found to be 
higher than the observed values at all crack densities. In the limit, when a ply is fully 
cracked, the laminate modulus may be predicted by the "ply discount scheme" in which 
the stiffness contribution of the cracked ply to the laminate is neglected.
An appraisal of the ply discount technique was undertaken by Talreja (1985). 
Comparing the modulus reduction with crack density curves for (0/90); and (0/90g); 
laminates he found that the technique gave a larger overestimate of the saturation modulus 
reduction (the "characteristic damage state") for the (0/90); laminate than for the laminate 
with the thicker central ply. He attributed this to the fact that there is greater constraint in 
the (0/90); central ply than the much thicker central ply of the (0/90^); laminate.
Ogin and co-workers (1985,1987) also used a shear-lag analysis to model stiffness 
reduction with increasing crack density. Using Steif's parabolic shear-lag model, they 
obtained a relationship between residual stiffness and transverse ply crack density which 
was approximately linear and gave good agreement with their experimental data.
Caslini et al (1987) compared the parabolic shear-lag model used by Ogin and co 
workers to experimental results and a finite element analysis and found good agreement. 
They also expanded the model to predict stiffness loss in the 90° plies, surrounded by 0°
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laminae, in other laminates of arbitrary orientation.
Talreja (1984) presented a damage mechanics approach for modelling the stiffness- 
crack density relationship within crossply laminates. This generalised theory characterises 
matrix crack arrays in off-axis plies using vectors and relationships are derived between 
the macroscopic elastic moduli and the magnitudes of the damage vectors. Using this 
method, the predictions of stiffness agreed well with the experimental results of Highsmith 
& Reifsnider (1982) for GFRP laminates and the results of Kistner et al (1983) for CFRP 
material, although there are several terms in the Talreja model which must be fitted using 
experimental data.
Dvorak, Laws & Hejazi (1985) presented a different model for estimating stiffness 
reductions in a cracked crossply laminate. They assumed the elastic moduli of a cracked 
lamina to be given by a similarly cracked infinite medium with the same fibre volume 
fraction and crack density. The elastic moduli of the infinite medium were estimated by a 
self consistent method which assumed the medium to have three phases i.e. matrix, fibres 
and cracks, where a crack is taken as a limiting case of an elliptical void.
In a later work. Laws & Dvorak (1988), (see section 2.3.3) also modelled stiffness 
reduction using a shear-lag analysis which incorporates a shear-lag parameter which is 
measured experimentally. The predicted value for strain to first cracking in the 90° ply is 
fitted to the experimental data in order to calculate the shear-lag parameter. Their claim 
within the paper that the model contains no adjustable parameters may therefore be 
considered dubious.
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2.4 MATRIX CRACKING UNDER FATIGUE LOADING CONDITIONS
2.4.1 CRACK GROWTH
A number of differences have been observed between transverse ply crack 
development under static loading and fatigue loading at low stress levels. For example, 
cracks have been observed to grow under fatigue loading at a value of the fatigue strain 
which is lower than the static cracking threshold strain (Wang et al 1984, Boniface 1989). 
Under static loading conditions, the cracks tend to form an evenly spaced network of 
cracks at saturation with the cracks spanning the full width and thickness of the transverse 
ply. Under fatigue loading, Ogin & Smith (1985) and Boniface & Ogin (1989) have 
observed that many short cracks nucleate throughout the ply. The cracks formed were 
found to grow stably in fatigue and to form a much more irregular crack pattern at 
saturation. Ganczakowski et al (1987) noted a similar dependence of transverse crack 
development on the mode of loading in a (0/90); Kevlar fibre/epoxy resin composite.
2.4.2 MODELLING OF DAMAGE GROWTH
The first attempt to model the growth of matrix cracks in a crossply laminate under 
fatigue loading (as opposed to modelling the effect of cracks on the residual stiffness) 
appears to be due to Poursartip (1983). Poursartip made use of the relationship between 
the strain energy release rate (G) and the change in laminate compliance with transverse 
ply crack length, dC/da,
G = ylBj d a
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where P is the applied load and B the transverse ply thickness. By comparing laminates 
with the same stiffness reduction but fatigued at different peak stresses, he demonstrated a 
correlation between the slope of the normalised stiffness with cycles curve and the peak 
cyclic stress for a GFRP (0/90)2; laminate.
In later studies, Ogin and co workers (1984,1985) report experimental findings 
from the fatigue testing of the simpler (0/90); GFRP crossply configuration. The authors 
derived an expression for the stress intensity factor at the tip of a transverse ply crack 
growing stably across the coupon under fatigue loading conditions. Inherent to this model 
is the assumption that the stress intensity factor at the crack tip is independent of crack 
length because there is no build up of stress at the crack tip. As the crack length 
increases, load is continually shed into the neighbouring plies and hence no build up of 
stress occurs at the crack front.
Their expression for the stress intensity (K) at the crack tip is
K  = o,-j2d . . . . (2 .2)
where 2d is the thickness of the transverse ply in which the crack is growing and a, is the 
stress in the transverse ply acting at the crack tip. The idea of stress shielding as 
suggested qualitatively by Harrison & Bader (1981) is taken into account within the model 
by means of a dimensionless term Q incorporated in the calculation of Oj such that a, 
decreases as the crack density increases. Ogin et al correlated their stress intensity factor 
with the total crack growth rate as inferred from measurements of the rate of normalised 
stiffness reduction with cycles at different stress levels, using a Paris relationship of the 
form da/dN = A(AK)™. They found good correlation on a log-log plot between theory 
and experiment with a Paris law exponent value (m) of approximately 6. Ogin et al
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(1984,1986), Boniface et al (1987) and Boniface & Ogin (1989) made detailed 
observations of the growth rates of individual cracks in CFRP laminates using penetrant 
enhanced radiography and in transparent GFRP laminates using direct methods. They 
confirmed that the crack growth rate was independent of crack length and that the 
individual crack growth rate was found to be lower for higher local crack densities i.e. 
when greater stress shielding occurred.
Boniface (1989) also found, using photoelastic techniques, that the high stress 
region around the tip of a growing crack is independent of crack length in agreement with 
the stress intensity model. In addition the high stress regions of two neighbouring cracks 
were observed to interfere, resulting in reduced crack growth rates or even total crack 
arrest.
In more recent work, Boniface & co-workers (1989,1990,1991) attempted to 
measure experimentally the strain energy release rate associated with a growing transverse 
ply crack. The method involved measuring the compliance of a crossply laminate before 
and after a crack is produced between two existing cracks so that dC/da as a result of the 
growth of the third crack could be determined. Equation 2.1 could then be used to 
calculate G. They compared their experimental values for G with the predictions based on jIIusing shear-lag analysis to calculate the compliance change. Considering the experimental |
I
difficulties in measuring the small compliance change, they found reasonable agreement. i
Wang and co workers (1984) modelled the growth of cracks under fatigue loading 
conditions as an extension of their quasi-static model (see section 2.3.3). They assumed a 
power law dependence on the strain energy release rate for the growth rate of flaws across 
the thickness of the transverse ply. Integration of the power law term between the initial 
flaw of size (a) and the critical flaw size (aq) for fast fracture allowed them to calculate
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the number of cycles for a flaw present in the 90° ply to grow up to the point when a 
transverse ply crack forms catastrophically.
Caslini et al (1987) used their expression developed for the strain energy release 
rate for matrix cracking under static loading to analyze cracking under fatigue loading 
conditions. They combined the closed form shear lag prediction of Steif (Ogin et al 1985) 
with a fracture mechanics approach to produce an expression for the strain energy release 
rate for matrix cracking. They also plotted crack resistance curves which effectively 
showed the variation in apparent value of G with crack density in a similar fashion to the 
energy release rate retention factor employed by Wang (1984). They found the apparent 
value of G to decrease with increasing crack density.
2.5 SUMMARY
As may be seen from the literature a considerable amount of work, both 
experimental and theoretical, has been carried out in order to gain a greater understanding 
of the process of matrix cracking within laminates. Methods of suppressing such damage 
appears to be less well considered with only a limited amount of experimental work 
having been under taken with even less consideration given to methods of predicting the 
property changes associated with the matrix toughening techniques. Further work is 
therefore required to quantitatively measure the effects of secondary reinforcement within 
laminates from which a model capable of predicting damage accumulation can be 
developed.
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Figure 2.1 Schematic representation of transverse ply crack propagation mechanism for 
thin and thick ply material indicating controlling parameters 
(Leaity, Smith & Bader (1992))
fibres debond 
from matrix
Vdebonds join to 
form micro-crack
(interfacial strength) 
(fibre packing)
(strength/toughness of the matrix)
thick
ply
micro-crack 
grows to 
critical stage 
and propagates 
instantaneously
thin
ply
V
(fibre packing)
micro-crack spans 
transverse ply 
thickness
crack propagates 
stably across 
transverse ply 
width
27
CHAPTER THREE
EXPERIMENTAI
METHODS
28
3. EXPERIMENTAL METHODS 
3.1 MATERIALS CHARACTERISTICS
3.1.1 S ic  WHISKER
The S ic  whisker material, together with the associated material data shown in 
Table 3.1 was provided by Kobe Co Europe.
Table 3.1 SiC whisker data
Crystal structure P (cubic)
Diameter 0.2 - 2.0 i x m .
Mean Diameter 0.41 ^m
Length =40 ^m
Density 3.2 g/cm^
Bulk Density 0.1 - 0.2 g/cm^
Tensile Strength 20.3 GPa
Tensile Modulus 483 GPa
It is notable from the data that the aspect ratio of the material is about 100 which suggests 
that the whiskers should be treated as short fibres rather than particles. The small 
diameter means that if the SiC whiskers are aligned parallel to the fibres then they should 
not interfere with the packing of the glass fibres in a hybrid composite. The SiC whisker 
also possesses extremely high values of tensile strength and tensile modulus. This 
suggests that the whisker could produce dramatic improvements in mechanical properties 
of epoxy resin when used as a reinforcing material. The SiC whisker was supplied in an 
ethanol transport medium. The presence of ethanol reduced the health risk associated with 
the whisker which, if in dry form, may be inhaled into the respiratory system.
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Furthermore because the whisker and ethanol possess similar zeta potentials, the ethanol 
made a suitable dispersing agent for the whisker. This ensured that there was little 
clumping of whisker which would lead to inhomogeneous material.
3.1.2 EPOXY RESIN SYSTEM
The epoxy resin system chosen was manufactured by Shell and consisted of the following 
components:
Resin type - Shell epikote 828 epoxy
Cure agent - Shell epicure methyl endomethylene
tetrahydrophthalic anhydride (N.M.A.)
Accelerator - Shell benzyl dimethyl amine (B.D.M.A.)
The resin system was chosen because it wets the glass fibre readily and has 
approximately the same refractive index as the E-glass fibres leading to a high degree of 
transparency in the finished laminate.
3.1.3 E-GLASS FIBRE
"Silenka" E-glass fibre 600-tex rovings coated with an epoxy compatible size and a 
silane coupling agent were used to manufacture the crossply laminates. The individual 
fibres possessed a mean diameter of 10 ^m.
3.2 RESIN/WHISKER PROCESSING
To characterise the effect of SiC on the mechanical properties of the resin it is 
necessary first to measure the effect that any retained ethanol (the whisker transport
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medium) has on the mechanical properties of the resin alone. Any additional effect of the 
SiC can then be assessed.
To do this resin based plaques of three types were prepared:
1) With neat resin
2) With neat resin and added ethanol
3) With neat resin, SiC whisker and the associated ethanol.
Plaques of type (3) were produced with three different volume fractions of SiC whisker 
i.e. 1, 5 and 10 volume % .
A standard technique was developed for the production of resin plaques containing SiC 
whisker, which is as follows:
1) The relevant mass of SiC is added, together with 20 cc of ethanol, to lOOg of 828 
epoxy resin component.
2) These components are then magnetically stirred at a temperature of 90 °C for 65 
minutes in order to evaporate the ethanol present
3) 80g of NMA and 1.5cc of BDMA are then added.
4) The formulation is then mixed using the magnetic stirrer at a temperature of 100°C for 
15 minutes
5) The formulation is degassed at a temperature of 50°C for 7 minutes under vacuum in 
order to remove any volatile contaminants.
In order to produce resin plaques the resin mix was poured into the mould shown 
in figure 3.1. This mould consisted of an aluminium base to which four square section 
aluminium bars were attached by twin nuts and bolts. These bars acted as removable
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sides to the mould. This enabled the cured plaque to be removed with greater ease. A 
sheet of "pink melinex" silicone coated release agent was placed on the base of the mould 
before the sides of the mould were attached to prevent the cured resin from adhering to 
the mould base.
Curing of the resin plaques took place in a fan assisted oven at a temperature of 
100°C for three hours. The legs of the oven were adjusted where necessary to ensure that 
the mould was placed on a horizontal surface. This prevented thickness variations in the 
resin plaque.
3.3 RESIN TEST PIECE PRODUCTION
3.3.1 TENSILE COUPONS
In order to determine the effect of SiC whisker and ethanol on the tensile 
properties of epoxy resin, a number of the plaques were used to manufacture tensile 
coupons. A diamond-edged cutting wheel was used to machine the coupon specimens to 
the dimensions shown in figure 3.2. The width and thickness of each coupon was 
determined using a micrometer in order to determine the cross sectional area of specimens 
prior to testing. A single 10mm polyester backed Cu-Ni wire strain gauge (PL-10, Techni 
Measure Ltd) was attached to each coupon, mounted parallel to the direction of loading. 
Each gauge was attached using cyano-acrylate "super-glue" and was left for at least 3 
hours to ensure a strong adhesive bond formed between the tensile coupon and the strain 
gauge backing polyester. To aid gripping in the test, coarse grade emery cloth was placed 
over each end of the coupon before inserting the test piece between the loading frame 
wedge grips. Each tensile test was completed using an Instron 1175 loading frame, at an 
applied cross-head displacement rate of 1 mm per minute. During testing the applied load
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was measured by an internal load cell the output from which was connected to the Y axis 
of a X-Y chart recorder. The X-axis of the chart recorder was used to measure the 
corresponding applied strain throughout the test. This was achieved by using a portable 
Vishay strain indicator which calibrated the strain signal before it was passed to the X-axis 
of the chart recorder. The load/strain trace obtained was used to calculate the Young's 
modulus, tensile strength, and strain to failure.
3.3.2 COMPACT TENSION TEST SPECIMENS
Tests to determine the value of the plane strain fracture toughness (K^c) of the 
resin plaques were carried out using compact tension specimens in accordance with ASTM 
399 (1988). The dimensions of the specimens are shown in figure 3.3. The edges of 
each coupon were machined using a diamond edged saw which was also used to cut the 
central notch. The load was applied through 12mm holes which were machined using a 
vertically mounted drill, operated at a low cutting speed to avoid fracturing the specimens.
The final dimensions of the notch tip were machined using the following technique. In 
order to produce a sharp and reproducible crack profile at the tip of the notch, a needle 
file was used to cut a 90° angle at the tip of the notch. To sharpen the notch tip, a fresh 
scalpel blade was placed in the apex of the notch and tapped once using a leather headed 
mallet. Tests were carried out at a crosshead displacement rate of 0.5mm/minute until the 
crack had propagated along the entire specimen. During testing both load and 
displacement were recorded using an X-Y chart recorder.
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3.4 MANUFACTURE OF HYBRID LAMINATES CONTAINING SiC W HISKER
3.4.1 LAMINATE LAY-UP PROCEDURE
A successful method of producing cross-ply glass/epoxy resin/SiC whisker hybrid 
laminates has been developed. The laminates have been produced by adapting an existing 
method of laminate production based on a frame winding technique.
Initial attempts to produce a laminate used a frame winding method which is as 
follows:
1) The glass fibre 0° and 90° plies are first wound onto a single frame (figure 3.4)
2) This frame is placed into a heated vacuum chamber and the epoxy resin applied to the 
upper 0° ply alone
3) The vacuum chamber is then sealed and the air evacuated
4) Once the resin has had sufficient time to impregnate the winding ( 15 minutes ) the 
vacuum is removed and the laminate removed from the vacuum chamber.
5) The laminate is then placed in an oven, between two glass plates, to ensure even 
surfaces are produced after curing.
6) A load of about 90 kg is placed on top of the upper glass plate to aid consolidation of 
the laminate.
7) The laminate is cured at a temperature of 100°C for 3 hours.
8) The material once machined is post cured at a temperature of 150°C for 3 hours.
However, these initial attempts proved unsuccessful as it was found that the 
introduction of resin at a single location to the laminate produced a very non-uniform fibre 
distribution because the glass fibres in the upper plies 'filtered' the whisker. This 
phenomenon was apparent not only from SEM micrographs but also by a clearly visible
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colour gradient^  through the thickness of the laminate.
In order to produce a homogeneous whisker/resin distribution between the plies of 
the laminate the above method was adapted as follows. Four individual ply frames are 
wound. This winding is carried out using two frames attached back to back as shown in 
figure 3.5. Two pairs of frames are wound, one pair larger than the other so that the 
inner frame is able to fit inside the larger to enable lay-up without interference from the 
frames (figure 3.6). Polyester resin is then applied using a brush to the edge of each 
winding frame and is left for 5 hours to cure. This ensures that both ends of each glass 
fibre adhere to the frame. Each pair of frames is then split apart by cutting through the 
glass fibres in the areas between the frames. Four single frames result, each containing a 
single ply of unidirectional glass fibre. The laminate is then laid up in the vacuum 
chamber adding resin and plies alternately as illustrated in figure 3.7. The laminate can 
then be consolidated and cured as described in steps (5) to (8) above. In this way 
laminates were produced containing 0, 2, 5 and 10% whisker volume fraction in the resin. 
Scanning electron micrographs (figures 3.8 - 3.10 show typical micrographs) showed that 
this method of processing produced a much more uniform whisker distribution through the 
laminate thickness.
 ^ As indicated in section 3.1 the base glass/828 system is almost transparent. However, the 
whisker/ethanol mixture is an opaque green. Consequently when this is filtered by the surface 0° plies there 
is a colour change through the laminate from dark green (whisker containing) at the top to pale/transparent (no 
whisker) in the lower plies.
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3.4.2 DETERMINATION OF LAMINATE GLASS FIBRE VOLUME FRACTION
A matrix bum off technique was used in order to determine the volume of glass 
fibre present in the crossply laminates. This procedure involved cutting three to four 
small pieces (about 0.1 cm^) from a laminate and placing the pieces in a crucible of 
known weight. Each laminate sample was then weighed accurately. Once weighed a lid 
was placed over each crucible to prevent the glass fibres from escaping during heating. 
To remove epoxy resin the crucibles were placed in an oven at a temperature of 600 °C 
for 3 hours. Once the absence of residual resin had been confirmed by visual inspection 
the crucibles containing glass fibre were reweighed. A process of simple subtraction 
allowed the mass of glass fibre (Mf) and epoxy resin matrix (M J present to determined. 
The density of each constituent was supplied by the manufacturer 
Density glass fibre (pf) = 2.56 g/cm^
Density epoxy resin ( p j  = 1.30 g/cm^
Given this information the volume fraction of glass fibre present (Vf) could then be 
determined using the relationship
K, = --------------   ....(3.1)7 P / + Pm K n
The glass fibre volume fraction for the laminates which contained SiC whisker were not 
determined using the bum off method. This was to avoid the release of whisker into the 
atmosphere as the resin was expelled. For these laminates the total volume of glass fibre 
present in each ply was assumed to be constant. This is considered to be a reasonable 
assumption because the winding speed was the same for each laminate which should 
produce the same volume of glass fibre in each ply. The glass fibre volume fraction (Vf)
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could then be calculated based on the laminate thickness (t) using the relationship
3.4.3 CROSSPLY TENSILE COUPON PREPARATION
Tensile coupons were machined from the cured laminates using a water lubricated 
diamond edged cutting wheel. After post-curing aluminium end tags 50mm in length and 
1.5mm thickness were bonded to the ends of each coupon in order to aid gripping of the 
coupon and reduce the stress concentration at the grips. The bonding process involved a 
number of stages. The ends of the coupons were abraded with 1000 grade grit paper to 
aid surface adhesion. The aluminium end tags were heated in a dilute ferric chloride 
solution in order to strip the oxide layer from the tag surface as an additional measure to 
aid adhesion. This solution was rinsed from the tags in a stream of cold water before 
bonding. The bonding process itself involved applying Permabond 241 to the surface of 
the tensile coupon and an initiator to the surface of the end tag. The two were then 
brought together and an external pressure applied by means of a 500g weight resting on 
the coupon. To ensure a strong adhesive bond at least 24 hours were allowed to elapse 
before the coupon was tested. Coupons prepared in this way were used for both static 
tensile and tension-tension fatigue experiments. The dimensions of the coupons, together 
with the end tags, are shown in figure 3.11.
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3.5 QUASI-STATIC TENSILE TEST METHODS
In order to determine the effect of SiC whisker on the static transverse ply 
cracking behaviour of crossply GFRP laminates a series of quasi-static tensile tests were 
completed.
As with the tensile tests completed on the matrix samples all tests were carried out 
using an "Instron 1175" loading frame using a cross-head speed of 1 mm per minute and a 
load cell of 100 kN maximum load. The experimental technique to monitor strain was 
also the same as that used in section 3.3.1.
The test sequence involved loading the tensile coupon until the first crack was 
noted, (detail of crack observations are discussed in section 3.5.1). The coupon was then 
unloaded to zero applied load after which the applied load was increased to an applied 
strain 0.1% higher than the previous loading before the specimen was unloaded again.
This process of incremental loading, shown schematically in figure 3.12, was repeated 
until the failure of the coupon. The number of cracks present in the coupon after each 
incremental load was noted before reloading the coupon. This procedure allowed the 
variation in longitudinal Young's modulus to be determined with increasing applied strain 
and increasing crack density. The value of residual modulus for a given crack density was 
determined from the slope of the load / strain curve for the subsequent loading cycle
3.5.1 TRANSVERSE PLY CRACK OBSERVATION
In order to determine the variation in the number of transverse ply cracks present 
with increasing strain of the coupons, a method had to be developed by which the cracks 
could be observed. The optical transparency of the glass/epoxy laminate allowed the 
matrix cracks present to be observed and counted directly. However, the hybrid laminate
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required an alternative method of crack observation as the damage could not be observed 
directly in this opaque material. For these specimens a dye penetrant was used to locate 
the emergence of the cracks at the coupon edges following a technique developed by 
Hitchen (1991) for short fibre reinforced nylon. The penetrant was applied to the edge of 
the coupon, the excess dye being removed after 30 seconds using cleaning fluid. The 
cracks then appeared at the coupon edge as visible red lines. In order to determine 
whether the matrix cracks had traversed the 90° plies fully a travelling microscope was 
employed to measure the position of each crack along both edges. Using this simple 
technique it was found that the position of the cracks corresponded on both edges 
confirming that the cracking extended across the width of the coupon.
3.5.2 MEASUREMENT OF CRACK LOCATIONS DURING STATIC LOADING 
CONDITIONS
A second series of experiments was undertaken in order to gain a greater 
understanding of the cracking behaviour of the transverse ply and to provide data for a 
statistical approach to analyzing the results (see chapter 6). Crossply coupons similar to 
those used for the quasi-static tests, were loaded on the Instron 1175 loading frame at a 
cross head speed of 0.5 mm/minute. A lower crosshead displacement rate was used for 
these tests in order to allow time for the test to be interrupted before any further cracking 
occurred.
The testing procedure involved the loading of coupons until the occurrence of a 
transverse ply crack (this was clearly audible) at which point the test was interrupted. As 
each transverse ply crack appeared, its position along the 130 mm edge of the coupon was 
noted together with the relevant applied load. For the 0% material the position of the
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cracks could be monitored optically. The position of the cracks in the opaque material 
containing SiC whisker was monitored using the dye penetrant technique described above. 
Once the position of the crack and the associated load had been determined the test was 
restarted, increasing the applied load until the next crack occurred. This process of 
monitoring damage development was continued up to the failure of the coupon.
3.6 FATIGUE TEST METHODS
3.6.1 MODULUS REDUCTION MEASUREMENTS
Tension-tension fatigue tests were carried out on specimens produced from cross 
ply laminates containing 0, 2, 5 and 10% SiC whisker by volume of matrix, i.e. 
nominally the same as those used for the static testing program. All tests were performed 
at room temperature using an Instron 1341 servohydraulic system. The computer 
controlled data acquisition system allowed the variation in longitudinal modulus of the 
coupon to be determined with increasing number of fatigue cycles. All tests were 
completed using a sinusoidal wave loading cycle at 10 Hz frequency, with a fixed load 
ratio (minimum load / maximum load) of 0.1. These parameters were kept constant in 
order to reduce the number of variables during testing. Load values were measured using 
an internal load cell. Strain measurements were taken using a 50 mm gauge length 
extensometer attached to the centre of the coupon. A schematic of the testing procedure is 
shown in figure 3.13. The initial modulus of the specimen was determined during the first 
quarter fatigue cycle. The displacement and load applied to the coupon were recorded up 
to the mean load. The tangential modulus was then calculated using a least squares fit 
between two predetermined strain values. These values of strain were chosen such as to 
ensure the maximum range of data collection without exceeding the static transverse ply
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cracking threshold strain. The test was then continued for a predefined number of cycles 
before the modulus was determined again in a similar manner to that used to measure the 
initial modulus. The number of cycles between each modulus measurement was reduced 
with increasing load level. This allowed the increased rate of modulus reduction at higher 
loads, during the initial stage of testing, to be recorded with greater accuracy.
Comparison of the current value of modulus with the initial value gave the normalised 
modulus value (E/Eq). All fatigue tests were terminated at less than 50,000 cycles. This 
action was taken to prevent specimen failure and thus any associated health risks occurring 
due to the release into the atmosphere of SiC whisker from fractured specimens.
3.6.2 SINGLE CRACK GROWTH MEASUREMENTS
In order to gain a greater understanding of the effect of SiC whisker on the fatigue 
growth of individual transverse ply cracks in GFRP crossply laminates, tests were 
conducted on specimens containing prenotches in the transverse ply. The use of a 
prenotch ensured that the crack grew in the desired position within the coupon. A testing 
frequency of 10 Hz and load ratio value of 0.1 were used for all tests, as with the 
modulus reduction experiments. Cracks were initiated using a sharp scalpel which was 
struck with a leather faced mallet. The cracks were positioned at spacings in the 
transverse ply of not less than 10 mm apart to ensure that no crack interaction occurred. 
Cracks were initiated in this way at both coupon edges in an attempt to minimise any load 
redistribution effects. Single cracks were initiated at intervals of cyclic loading so that the 
crack growth rate for isolated cracks could be determined (section 3.6.3). The use of 
cracks initiated at known intervals was chosen so that any effect on the growth rate due to 
initiation could be eliminated. Figure 3.14a shows a schematic idealised array of cracks
41
resulting from one of these experiments. For the test shown, crack 1 has grown from a 
notch present at the start of the test, crack 2 was then introduced 100,000 cycles later.
The notching continues at 100000 cycle intervals until notch 5 was introduced 50,000 
cycles before the end of the test.
Plotting crack length against number of fatigue cycles since the notch was 
introduced, as shown in figure 3.14b, should give a straight line if the growth rate is 
independent of crack length. The slope of the line is then the crack growth rate for 
non-interacting cracks at one particular load level.
3.6.3 TRANSVERSE PLY CRACK OBSERVATION
The similar refractive index values of the glass fibre and epoxy resin allowed direct 
optical measurement of the transverse ply cracks in the fatigue tests for the 0 %  material 
using a travelling microscope. For the whisker reinforced laminates, the dye penetrant 
technique was utilised. Under fatigue loading the cracks were found to initiate and to 
grow across the coupon width in a stable manner. This meant that at any point during a 
test the exact length of a crack could not be determined using the non-destructive dye 
penetrant method outlined earlier for the quasi-static tests until the crack had completely 
spanned the transverse ply.
In order to determine the length of the cracks present a destructive technique had 
to be used whereby a longitudinal ply was milled away revealing the dye within the 
transverse ply cracks and hence the crack lengths. This method allowed the length of 
growing cracks to be determined for the single crack experiments (section 3.6.2). It also 
allowed accurate crack distribution and crack density measurements to be made for 
correlation with the modulus reduction in experiments where many cracks were growing.
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Figure 3.1 - Aluminium mould used for curing of epoxy resin based 
plaques
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Figure 3.2 - Dimensions of epoxy resin based tensile coupon
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Figure 3.3 - Dimensions of the compact tension specimen used to determine the plane strain fracture toughness of epoxy resin 
based materials
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Figure 3.4 - Winding frame used to align E-glass fibres for use in laminate manufacture
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Figure 3.5 - "Back to back" winding frames used to produce glass 
plies
GLASS FIBRE
Figure 3.6 - Winding frame and glass plate dimensions
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Figure 3.7 - Lay-up procedure of hybrid laminate
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Figure 3.8 - Low resolution scanning electron micrograph showing cross section of 5% matrix crossply laminate showing y-z plane through a tensile coupon (•------------- 1mm)
Figure 3.9 - Medium resolution scanning electron micrographshowing typical section of transverse ply (y-z plane) for a 5% crossply material (   40 pm)
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Figure 3.10 - High resolution scanning electron micrographshowing whisker distribution within tensile coupon transverse ply (   2 0 pm)
Figure 3.11 - Dimensions of crossply laminate tensile coupon used for quasi-static and fatigue test procedures
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Figure 3.12 - Schematic representation of load / strain curve for a coupon loaded to failure quasi-statically
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Figure 3.13 - Schematic representation of tension-tensionsinusoidal fatigue loading sequence used to determine modulus reduction
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Figure 3.14a - Isolated fatigue crack array produced by periodic notching (10^ cycles) in the sequence 1 to 5
--------------- >  Y 2 3
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Figure 3.14b - Corresponding variation in crack length with fatigue cycles (da/dN)
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4. EFFECT OF SiC WHISKER ON THE MECHANICAL PROPERTIES OF 
EPOXY RESIN
4.1 COMPACT TENSION TEST RESULTS
Compact tension tests were carried out on epoxy resin specimens containing 0%, 
1 % ,  3 % ,  5 %  and 10% by volume SiC whisker. All of these specimens were produced by 
the method described in section 3,3.2. Two types of epoxy plaques were produced 
containing 0% SiC whisker, firstly neat epoxy resin plaques and, secondly, epoxy resin 
containing 20cc of ethanol. This was in order to determine quantitatively any effect that 
the presence of alcohol produced on the epoxy resin.
The plane strain fracture toughness of the material was determined using the 
equation
^ 1 C ~
P l a ]  
B W ' P \ w \
where
Aw.
2 +
-  \
A~w 0.886+4.64( a ) -13.32f a )
2+14.72 —T-5.6(a^ 4'[w, [w, [w /
w]
....(4.2)
The variation in with whisker content may be seen in figure 4.1. Each data 
point shown is the mean value of 6 -8  tests, the vertical error bar indicating one standard
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deviation of the results, from the mean. The results show a clear increase in the fracture 
toughness with increased whisker content up to a volume fraction of 5%. Beyond this 
value, the fracture toughness of the resin appears to remain roughly constant with further 
increase in whisker content.
4.2 EFFECT OF WHISKER ON RESIN TENSILE PROPERTIES
4.2.1 EFFECT OF WHISKER ON RESIN MODULUS
The effect of whisker on the Youngs' modulus of the resin may be seen in figure 
4.2. The experimental results may be compared to four different theoretical models 
discussed below.
The first model is that of Voigt, which is used for predicting the modulus of 
continuous fibre composites aligned parallel to the direction of loading:
Ec=E/f^EJ\-V) . . . . (4 .3)
where E ,^ Ef and E^ refer to the the modulus of the the composite, whisker and modulus 
respectively and Vf is the volume fraction of whisker present. This gives poor agreement 
with the data (fig 4.2)
Much better agreement is gained from the Reuss model which predicts the modulus 
of a continuous fibre composite aligned perpendicular to the direction of loading:
,. , ,(4 .4 )
4 ,
A variation in the above models is to consider a matrix material reinforced with a 
particulate component. The model assumes that the particles are dispersed in the matrix
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so that the reinforcement is effectively both in series and parallel with the matrix. Based 
on this assumption, equations 4.3 and 4.4 may be combined to give:
. . . . (4 .5)
This prediction of composite modulus shows better correlation with the experimental 
results than either the Voigt or Reuss bounds shown in figure 4.2.
Bearing in mind the aspect ratio of the whiskers it is sensible also to test the 
predictions of short fibre composite models. Cox (1952) considered the situation of a 
single elastic fibre embedded in an elastic matrix, this approachleads to a non-uniform 
tensile stress build up from the fibre ends to a maximum value at the centre of the fibre. 
The shear stress varies from a maximum value at the fibre ends falling to zero at the 
centre of the fibre length. Using this model the following equation is derived for the 
modulus of the whisker impregnated material:
E ^ = C  % 1 -
I f  ^tanh(P^)
. . . . (4 .6)
where:
p=
2 i z G m 1/2
....(4.7)
Ec, Ef and E^ are the longitudinal Young's modulus of the composite, fibres and matrix
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respectively. Vf is the volume fraction of the fibres, is the shear modulus of the 
matrix and If is the fibre length. Rf^  is the mean centre to centre distance of the fibres and 
Tf the fibre radius. Af is the cross sectional area of the fibre. The Cox prediction for the 
manner in which stress is transferred from the matrix to an embedded aligned short fibre 
is shown schematically in figure 4.3a. In reality the whiskers will have a length 
distribution and also the whiskers will be orientated randomly with respect to the loading 
direction. The term C in equation 4.6 refers to an orientation factor which depends on the 
degree of alignment of the fibres. For fibres with a random orientation distribution in 
three dimensions C has been calculated by Krenchel (1964) as having a value of 0.2.
With the combined use of the data in Table 3.1 and the experimental data obtained from 
the tensile tests the prediction shown in figure 4.4 is gained. Agreement between this 
model and the experimental data is poor.
An alternative approach to analysising short-fibre composites was proposed by 
Kelly and Tyson (1965), who assumed load was transferred to the fibre via a frictional 
force at the fibre/matrix interface. This results in a linear transfer of load from the fibre 
end to the equilibrium value. They determined the modulus of the composite to be:
E = C
I x l j .
. . . . (4 .8)
In order to compare the prediction of E  ^of equation 4.8 with the experimental data the 
value of, T, the interfacial shear strength, is required. This value is not available from the 
experimental data. Therefore, following Bowyer & Bader (1972), the prediction must be 
fitted to an experimental point. The prediction of this model is also shown on figure 4.4.
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As can be seen from figure 4.4, where the prediction has been fitted through Vf=0.05,
G = 0.1% to give 1 = 1.4 MPa, agreement between the model and the data is very good. 
This would suggest that the frictional model (Kelly-Tyson) represents the SiC/epoxy 
system more accurately than the elastic bonding model (Cox).
This is supported by scanning electron micrographs of the fracture surface of the tensile 
coupons shown in figure 4.5. Figure 4.5a shows the fracture surface of a tensile coupon 
containing 5% SiC whisker and a number of whiskers can be seen projecting from the 
fracture surface. This would suggest that significant pullout of the whisker occurs on 
fracture indicating a relatively weak interfacial bond between the whisker and the epoxy 
resin matrix. Observation of the fracture surface at higher magnification (figure 4.5b) 
shows a relatively smooth whisker surface with very little evidence of epoxy matrix 
bonded to the whisker. This absence of epoxy fragments on the whisker surface would 
suggest that failure occurs by failure of the whisker/matrix interface rather than cohesive 
failure of the matrix material. The corresponding holes left in the epoxy matrix are 
shown in figure 4.5c. The intersection of the crack surface with the cavity left by the 
whisker appears relatively planar i.e. there was very little damage to the epoxy as the 
whisker pulled out, which also suggests a weak interfacial bond strength.
4.2.2 EFFECT OF WHISKER ON RESIN TENSILE STRENGTH.
The effect of varying amounts of whisker addition on the tensile strength of the 
epoxy resin coupons may be seen in figure 4.6. The overall trend appears to be one of 
increasing tensile strength with increasing volume fraction of SiC. Considering the 
relative values of the tensile strength of the components (epoxy = 53.7 MPa, SiC 
whisker = 20300 MPa) this is to be expected. Once more the aligned fibre models of
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4.2.3 EFFECT OF WHISKER ON RESIN STRAIN TO FAILURE
Figure 4.7 shows the variation in strain to failure with SiC content. Due to the 
high degree of scatter in the results (the horizontal bar represents one standard deviation 
either side of the mean value) it is difficult to determine any definite trend in the results 
obtained, and it would seem that the strain to failure is roughly constant.
4.3 EFFECT OF ETHANOL ON THE MECHANICAL PROPERTIES OF EPOXY 
RESIN
The addition of ethanol results in a small degradation of the mechanical properties 
of the epoxy resin as shown in figure 4.8. This is believed to be due to a chemical 
reaction during cure between residual ethanol, not vaporised during the resin processing at 
90°C, and the epoxy anhydride component (N.M.A.). Figure 4.9 shows schematically the 
chemical reactions which occur (Fischer (I960)) during the cure of the epoxy system, 
indicating the relevant resin components. In order to show the reactions which occur 
more clearly, only the functional groups which are thought to take part in the reaction are 
shown.
The reaction involves initially the acid anhydride curing agent (N.M.A) which 
forms an equilibrium reaction with the amine catalyst/accelerator which polarises the 
anhydride (1). This polar molecule then breaks the epoxy ring (2) so that the positively 
polarised carbon from the epoxy group bonds to the negatively charged oxygen of the 
anhydride. The resulting species may then react (3) with a second anhydride molecule
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increasing the size of the polymer chain, before the positively charged amine component 
of the molecule reacts with a neighbouring molecule (4) to release the amine catalyst for 
further reaction.
Addition of the whisker and ethanol to an 828/NMA/BDMA mixture during the 
mixing stage of the resin preparation resulted in a totally brittle material with extremely poor 
mechanical properties (section 3.2). On the other hand, when the whisker and ethanol 
were added to the 828 component seperately and the ethanol was then boiled away before 
the addition of the NMA and BDMA, the detrimental effects were considerably reduced.
This suggests that the ethanol attacks the NMA or BDMA. The most obvious reaction 
would appear to be the reaction of the anhydride with ethanol, the ethanol acting in a 
similar manner to water in a rehydration reaction
WATER ETHANOL 
Positive species CHg-CHg^
Negative species OH OH
This reaction would affect the ability of the epoxy resin to crosslink as it is
reasonable to assume that it would produce a less polar molecule which would be less 
likely to open the epoxy ring.
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4.4 SUMMARY
On the addition of varying quantities of SiC whisker to epoxy resin it has been 
found that the fracture toughness of the material increases between 0 and 5% SiC whisker 
and then apparently remains roughly constant for increasing volume fractions of SiC. The 
Young's modulus of the resin was found to increase with increasing whisker content. Of 
several theoretical approaches, the model proposed by Kelly & Tyson (1965) was found to 
give the closest agreement with the experimental results. In addition, the tensile strength 
of the whisker-loaded material was found to increase with increasing whisker volume 
fraction, although the strain to failure appeared of the material remained approximately 
constant with increasing SiC whisker content. The mechanical properties of the epoxy 
resin were found to suffer a small decrease in mechanical strength and toughness
associated with the presence of ethanol which can be explained by considering the resin
chemistry.
Figure 4.1 - Fracture toughness of whisker filled epoxy resinas a function of SiC whisker volume fraction
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Figure 4.2 - Variation in Youngs' modulus of whisker filled epoxy resin as a function of SiC whisker volume fraction
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Figure 4.3a - Cox model of load transfer between composite matrix and an elastically bonded aligned short fibre.
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Figure 4.3b - Kelly-Tyson model of frictional load transfer between composite matrix and aligned fibre
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Figure 4.4 - Comparison of Cox elastic fibre/matrix bonding theory with the frictional bonding model of Kelly & Tyson
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Figure 4.5a - Fracture surface of epoxy resin tensile coupon containing 5% SiC whisker ( 50 pm)
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Figure 4.5b - SiC whisker projecting from the epoxy resin tensile coupon fracture surface (   10 pm)
Figure 4.5c - Fracture surface of epoxy/SiC whisker tensile coupon showing whisker cavity (   — =— —  2 0 pm)
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Figure 4.6 - Variation in tensile strength of whisker filledepoxy resin as a function of SiC whisker volume fraction
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Figure 4.7 - Variation in strain to failure of whisker filled epoxy resin as a function of SiC whisker volume fraction
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Figure 4.8 - Affect of residual ethanol on the mechanical properties of epoxy resin
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Figure 4.9 - Reaction of epoxy resin components.during cure showing relevant functional groups
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5 STATIC TEST RESULTS 
5.1 INTRODUCTION
The primary aim of this chapter is to present the data relating to the mechanical properties 
of the GFRP and hybrid crossply laminates and the development of damage under 
quasi-static tensile loading conditions. The manner in which the SiC whisker affects the 
experimentally observed transverse ply cracking threshold and the subsequent crack 
multiplication behaviour is discussed. The influence on ultimate tensile properties is also 
considered.
5.2 VARIATION IN LAMINATE THICKNESS
The production of the hybrid reinforced glass fibre/silicon carbide whisker/epoxy 
laminates containing 0 , 2, 5 and 10 percent of the matrix as whisker resulted in laminates 
with the properties listed in Table 5.1. The measurement and derivation of the various 
moduli are discussed in section 5.3. The present section is concerned with the differences 
in ply thicknesses between the laminates.
TABLE 5.1 - CROSSPLY LAMINATE PROPERTIES
%SiC Eo
(GPa)
E,
(GPa)
E ,
(GPa)
G23
(GPa)
b
(mm)
d
(mm)
Vf
0 2 2 32 12 4 0.5 0.5 0.59
2 19.6 27.5 11.7 4.2 0.7 0.7 0.42
5 18.1 24.8 11.4 4.5 0.75 0.75 0.39
10 16.4 2 1 .8 1 1 .0 4.5 0.90 0.90 0.32
The value of the transverse ply thickness (2d) and the longitudinal ply thickness (b) can be 
seen to increase with increasing SiC whisker content. This variation in ply thickness is
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thought to be due to the effect of the SiC whisker on the viscosity of the resin during the 
mixing and cure processes. It was observed that after the addition of the NMA and 
BDMA components to the 828/SiC whisker mix, the resultant resin compound exhibited a 
greater resistance to manual stirring than the neat 828 resin. Also, during the process of 
the addition of resin to the glass fibre plies, the spreading of the resin over the ply surface 
was achieved with greater difficulty as the SiC whisker content increased.
Attempts were made to counter the variation in final ply thickness. Initial attempts 
included increasing the load placed on the laminates containing SiC whisker during cure. 
This resulted in no significant change in laminate thickness but resulted in excessive 
bowing of the glass fibres away from the centre of the laminate, so that parallel coupons 
could not be machined without glass fibre ends being exposed along the sides of each 
tensile coupon. Interestingly, decreasing the load applied to the surface of laminates 
which did not contain SiC whisker failed to produce a significant increase in the thickness 
of the laminate. For example when the load applied to the laminate was decreased from 
90 kg to 40 kg, the laminate thickness increased from 2 mm to only 2.1 mm
The resin behaviour may be explained by considering the variation in viscosity 
during cure. Above a temperature of 80°C the viscosity of the resin falls to a value, 
which is similar to that of water. The compacting load applied to the laminate appears 
simply to accelerate the bleeding of the excess resin until the incompressible solid glass 
fibres prevent further consolidation. It is thus the fibre packing, rather than the resin 
bleed, which controls the eventual laminate thickness. The thickness of the laminate is 
thus dependent on the volume of glass fibre present to a much greater extent than it is 
dependent on the applied load. An increased volume of incompressible solid in the form 
of SiC whisker therefore results in a greater laminate thickness.
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5.3 MEASUREMENT OF LAMINATE LONGITUDINAL MODULI
The value of the longitudinal modulus of the (0/90); laminates, Eq was measured directly 
from the initial slope of the strain-strain curve over a range of strain below the transverse 
ply cracking threshold
The values of 0° and 90° moduli (E^  and Eg) in the loading direction were not measured 
directly. It was necessary therefore to calculate their respective values. The value of 
El can be calculated using a Voigt relationship:
....(5.1)
The value of Young's modulus of the glass fibre (Ef) was supplied by the manufacturer 
(76 GPa) and the value of matrix modulus (E^) was taken from the resin tensile data 
determined in chapter 4. The relevant value of glass fibre volume fraction for each 
laminate was calculated from the results of the bum off tests described in section 3.4.2. 
With a knowledge of the values of Eg and E, the value of Eg may be calculated using the 
simple rule of mixtures relationship:
....(5.2)
® b ^ d
Experimental agreement with this method of calculating the tensile modulus values has 
been found to be reasonably good (Hull 1981) despite ignoring coupling effects which are 
minor for this system.
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The value of the shear modulus G23 was calculated for each material based on the 
assumption that the 2-3 (x-z) plane is isotropic so that the value is given by:
G 23 = — ^ —2(1+V23)
Where the poissons ratio in the 2-3 plane V23 is taken as = 0.3 (Sih 1979)
. . . . (5 .3)
5.4 DETERMINATION OF TRANSVERSE PLY CRACKING THRESHOLD
In order to determine the applied strain for the initiation of transverse ply cracks, the 
density of transverse cracks was plotted as a function of applied strain (Figure 5.1).
The data for each of the materials was extrapolated back to a crack density value of zero. 
The intercept with the applied strain axis gave the value of the applied strain to first 
failure of the transverse ply (cgO. The value of Z 2 was also apparent from the distinct 
sound emitted from the test coupon as a crack formed. The values of Z 2 noted from the 
acoustic information were practically identical to those determined from extrapolation.
The relevant data, together with the corresponding value of transverse ply stress to failure 
( = E2G29 are shown in Table 5.2.
TABLE 5.2 - TRANSVERSE PLY CRACKING THRESHOLD
%SiC ^ 2
(%) (MPa)
62^
(%)
8 *
( = Z ^  +  82*) 
(%)
0 0.27 33 .075 0.345
2 0.31 36 .072 0.382
5 0.48 55 .071 0.551
10 0.60 6 6 .069 0.669
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The data show quite clearly that there is a trend of increasing strain to failure (CgD with 
increasing whisker content. These values correlate well with the position of the "knee" in 
the stress strain curves obtained from the tests shown in figure 5.2. The knee is a 
consequence of the reduction in coupon modulus associated with cracking. The variation 
in 82  ^ from.material to material is considered to be a result of four contributory factors,
a) Differing residual thermal strain in the transverse ply
The difference in the coefficients of thermal expansion of the longitudinal and transverse 
plies in cross ply laminates was discussed in section 2.3.2. For GFRP, the value of 
thermal expansion coefficient for the transverse ply, (X,, has been found to be in the order 
of 16.7 / u t l ° C  compared to a value of thermal expansion coefficient for the longitudinal 
plies, a,, of about 3.8 / n £ l ° C .  These differing values result in a tensile thermal strain in 
the transverse ply as the laminate cools from the cure temperature of 100°C to room 
temperature as the higher modulus longitudinal plies restrict the contraction of the 
transverse ply. Balancing forces and considering strain compatibility, the tensile thermal 
strain present in the transverse ply and the compressive thermal strain in the 
longitudinal plies (81*) may be calculated:
....(5.4)
th. E^d(a-a;)ATg —  ....(5.5)
 ^ E J ? + E ^ d
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The thermal strain is present within the coupon prior to testing and therefore any 
calculation of strain during testing should consist of the sum of both the thermal and 
applied strain elements. The term AT is the temperature difference between the cure 
temperature (100 °C) and room temperature (20 °C). In the absence of relevant data we 
must work with the assumption that the addition of SiC does not affect the values of a, 
and (X, and so calculating the thermal strain in the transverse ply 82“' using equation 5.4 
and the appropriate moduli for each material, the values shown in Table 5.2 are obtained. 
The value of 82“^ obtained for each material may be seen to be a significant fraction of the 
experimentally obtained value of 82 .^ A process of addition (82  ^ + 82“*) allows the total 
strains at transverse ply crack onset in the different materials to be compared, as shown in 
Table 5.2. It can be seen that after correcting for thermal effects within the transverse ply 
the total transverse ply failure strains still vary from material to material.
b) Presence of SiC whisker
The fact that there is a clear increase in the value of £ 2  with increased SiC content would 
suggest that the SiC whisker interferes with the mechanism of crack initiation.
The whisker is unlikely to affect the formation of matrix fibre debonds as this is controlled 
by the strength of the chemical bond between the glass fibre surface and the epoxy matrix. 
The linkage of the debonds to form a microcrack requires the propagation of the crack 
front through the matrix material. The presence of the whisker in epoxy resin increases 
the fracture toughness of the material as shown in figure 4.1. It is reasonable to assume 
that this will reduce the ease with which a crack can propagate through the matrix to link 
debonds, resulting in an increase in the value of £ 2 .
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c) Strain magnification in the transverse ply
The differing values of Young's modulus for the glass fibre and epoxy-based matrix result 
in an effective magnification in strain within the matrix material when loaded transverse to 
the fibres as discussed in section 2.3.2. The strain magnification factor (SMF) is taken to 
be the ratio between the strain in the matrix material between the fibres to the overall 
strain in the transverse ply
— =------- ^ ------ . . . . (5 .6)
l Æ - 1
Since the overall volume of glass fibre in each ply, and so in each laminate is constant 
(section 3.4) the mean volume fraction of glass fibre will decrease as the central ply 
thickness (2d) increases (Table 5.1). It can therefore be seen from equation 5.6 that this 
will tend to decrease the SMF as the ply thickness increases. The modulus of the matrix 
(E„,) also increases with increased whisker content, which reduces the mismatch of the 
moduli between the matrix and the glass fibres reducing the strain magnification (E„,/Ef 
decreases in equation 5.6). The combination of the ply thickness and E„, variations results 
in the decreasing trend in SMF shown in Table 5.3
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TABLE 5.3 - STRAIN MAGNIFICATION FACTOR
% SiC Vf Ef
(GPa) Em(GPa)
SMF SMF(82^+ 82*) 
(%)
0 .59 76 3.55 2.29 0.79
2 .42 76 3.85 1.66 0.63
5 .39 76 4.11 1.58 0.87
10 .32 76 4.46 1.43 0.96
A decreased value of SMF results in a lower effective stress being seen at the glass 
fibre/matrix interface which pulls the matrix away from the fibre. As the mean value of 
SMF tends to decrease with increasing SiC content the observed trend of a corresponding 
increase in the value of £ 2 °^ is to be expected. In order to quantify this relationship the 
last column in Table 5.3 shows the product of the total strain in the transverse ply at first 
cracking £ 2 °^ (table 5.2) and the SMF. If the trend in SMF is the dominant factor leading 
to the observed trend in 82^ then the product term would be expected to remain roughly 
constant. It may be seen that the term decreases on the addition of 2% matrix SiC 
whisker to the laminate. This can be attributed to the addition of 2% SiC whisker 
producing a large increase in ply thickness (from 1 mm to 1.4 mm resulting in a 
significant drop in SMF with only a modest increase in 82*°* possibly due to there being 
insufficient SiC present to produce a significant increase. At greater volume fractions of 
SiC whisker (5% & 10%), the product term increases to a value greater than that 
observed for the 0% material as a modest decrease in SMF relative to the 2% material 
results in a significant increase in 82'°*. The increase may be attributed to the increased 
presence of SiC interfering with the cracking process.
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A difficulty with the arguments presented above is that they are based on a uniform 
glass fibre volume fraction. Garret & Bailey (1977a) found that whereas in their 
glass/polyester matrix material, the fibres were distributed relatively evenly giving 
reasonably good agreement with the predictions of SMF theory, this was not true in their 
glass/epoxy based material. Closer observation showed this to be due to the presence of 
considerable fibre bunching resulting in large variation in the local fibre volume fraction 
within the transverse ply. Transverse ply cracks were found to initiate and grow in 
regions of high local volume fraction. Observation of the micrographs of the coupon 
edge of the materials used in the present study (figures 3 .8 -3 .1 0 ) shows similar fibre 
bunching within the GFRP and hybrid materials. Figure 5.3 shows how the predicted 
SMF will vary with local fibre volume fraction for each material based on the relevant 
moduli values for fibres and matrix. Following Garrett & Bailey, the value for eg*”' 
corresponds to the highest fibre volume fractions which can be seen from figure 5.3 to 
show little variation with SiC content. It is reasonable to assume therefore that variation 
in strain magnification factor within the transverse ply is not a major contributor to the 
observed variation in eg”*.
d) Variation in transverse ply constraint due to varving ply thickness 
Constraint of thin transverse plies by neighbouring plies possessing a greater longitudinal 
modulus has been considered by a number of workers including Parvizi et al (1978) and 
Ogin & Smith (1985). However, the likelihood that constraint effects play a significant 
role in the values of eg*”' is remote for a number of reasons discussed overleaf.
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Constraint effects tend to decrease the value of Cg*”* with increasing transverse ply 
thickness (see section 2.3.2), but the converse has been noted for this experimental 
programme. The materials of increased ply thickness, containing greater amounts of 
whisker, show a larger value of Cg”*. Also, since thicknesses of the transverse ply for 
each of the crossply laminates studied are large (Table 5.1) cracking would be expected to 
occur by the thick ply mechanism discussed in section 2.3.1 which is in any case, 
independent of any constraint effects. Experimental evidence for this is provided by the 
observation that the transverse ply cracks were noted to initiate at the coupon free edge 
and to grow instantaneously across the coupon width in a manner similar to unconstrained 
cracks in other materials. It is therefore unlikely that constraint due to the presence of 
stiffer neighbouring plies has any significant effect in the materials studied.
5.5 CRACK MULTIPLICATION IN THE TRANSVERSE PLY
5.5.1 VARIATION IN CRACK DENSITY WITH APPLIED STRAIN
Once the transverse ply crack initiation strain was exceeded, the number of cracks 
spanning the transverse ply in the tensile coupons was found to increase with load.
The cracks were observed to grow instantaneously across the width and thickness of the 
coupon along a plane perpendicular to the direction of the applied load.
The behaviour of the four types of material was observed to vary significantly. The data 
can be seen (figure 5.1) to fall into four distinct bands. At any given applied strain the 
corresponding crack density in the transverse ply is found to be reduced with increasing 
SiC whisker content.
At lower levels of SiC whisker addition (0% and 2%), the rate at which the crack 
density increases with applied strain appears to decrease as the applied strain increases and
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the mean crack spacing in the transverse ply is reduced. This leads to a near 'saturation' 
crack spacing being achieved. The value of saturation crack spacing or so-called 
characteristic damage state (CDS) (Masters & Reifsnider (1982)) has been found to be of 
the order of the transverse ply thickness (2d) which may be explained by shear-lag theory. 
The saturation crack spacings for the 0% and 2% materials (figure 5.1) are 
2s = 1.15 mm for the 0% material which is just greater than of the value of 2d (1mm), 
and 2 s = 1 .8  mm for the 2 % material, which, again is slightly greater than the value of 
2d (1.4 mm). The 5 %  and 10% materials appear to show a more linear relationship 
between the applied strain and the resultant crack density than the 0 % and 2 % material.
In addition, premature failure of the coupon prevents saturation being reached in the 5% 
and 1 0 % material.
5.5.2 MODULUS REDUCTION DUE TO TRANSVERSE PLY CRACKING
The increase in transverse ply crack density observed under quasi static extension was 
found to be accompanied by a reduction in longitudinal modulus. Figure 5.4 shows the 
variation in normalised modulus (current modulus divided by the initial modulus, E/Eq) 
plotted against the transverse ply crack density, for each of the four test materials. The 
modulus reduction curves for each of the four materials appear fairly similar although it is 
notable that for the 1 0 % material the rate of stiffness loss with crack density appears to 
increase, suggesting that another damage mechanism may be present contributing to the 
reduction in normalised modulus. The similar slope of each of the curves would suggest 
that although the addition of SiC affects the initiation of transverse ply cracks, the 
resultant reduction in modulus due to the presence of a crack remains relatively 
unaffected. This behaviour is discussed in greater detail in section 6.4 where the data of
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figure 5.4 are modelled using shear-lag analysis.
5.5.3 TRANSVERSE PLY CRACK POSITION MEASUREMENTS
A second, more detailed set of tensile tests was performed for each type of crossply 
laminate studied in order to determine the stress at crack formation and the position of 
each crack. The results of these tests are shown in figure 5.5 a-d. The data are shown in 
the form of the applied laminate stress necessary to produce each crack, plotted in the 
order in which the cracks occurred with the cracks identified by number. The position at 
which each crack appeared along the coupon 130 gauge length in millimetres is shown 
above each datum point. This information enables the nearest neighbour distance for each 
crack to be determined which is required in the Weibull analysis of cracking (section 6.5). 
The variation in the total number of cracks observed for each material varies from a total 
of 76 cracks (crack density = 0.58) for the 0% material to 23 cracks (crack 
density = 0.18) for the 10% material, before the failure of the coupon. This mirrors the 
results shown in figure 5.1.
5.6 ULTIMATE TENSILE PROPERTIES
The number of cracks present was found to increase up to the tensile failure of the 
coupons. The stress/strain relationship for each material is shown in figure 5.2. Taking 
the relevant failure characteristics (ultimate tensile stress ( a j , ultimate tensile load (P^), 
and ultimate tensile strain, e j  it is possible to plot the variation in the mean values of o„, 
?u and with SiC content as shown in figures 5.6 - 5.8.
Although the ultimate tensile strength decreases with the addition of SiC whisker 
the applied load to failure is roughly constant. The tensile strain to failure of the
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laminates containing 0% and 2% SiC tend to show a higher mean strain to failure than the 
others. Since the load is primarily supported by the higher modulus glass fibres, any 
reduction in strain to failure is likely to be due to glass fibre damage. This would suggest 
that at the higher SiC whisker values the SiC whisker is mechanically damaging the glass 
fibres during the consolidation stage of cure when the applied load to aid compaction 
forces the whisker and glass fibre into contact.
5.7 SUMMARY
The results presented in this chapter have shown that the addition of SiC whisker to the 
matrix of a model glass fibre epoxy crossply laminate increases the transverse ply cracking 
threshold strain and reduces the extent of crack multiplication once this threshold has been 
exceeded. A number of factors have been considered as possible causes of this behaviour 
and it is proposed that the observed variation in transverse ply cracking behaviour is the 
combined result of variation in the strain magnification factor coupled with the crack 
growth constraint provided by the whiskers. The ultimate failure properties of the 
laminates have also been discussed and it has been shown that the addition of larger 
fractions of SiC to a GFRP crossply laminate reduces significantly the strain to failure.
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Figure 5.1 - Variation in crack density with applied strain for crossply laminates containing varying proportions of SiC whisker
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Figure 5.2 - Stress/strain curves obtained from quasi-static incremental peak stress and peak strain values a) - 0% SiC whisker
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Figure 5.3 - Variation in strain magnification factor (SMF) with glass fibre volume fraction for laminates containing varying quantities of SiC
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Figure 5.4 - Variation in normalised modulus ( E / E q ) with transverse ply crack density a) - 0% SiC whisker
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Figure 5.5 Crack position/applied stress data obtained from coupons tested under static tensile loading a) - 0% Sic whisker COUPON 1
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Figure 5.6 - Ultimate tensile strength of crossply laminatescontaining varying volume fractions of SiC whisker
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Figure 5.8 - Strain to failure of crossply laminates containg varying volume fractions of SiC whisker
1.31%1.3%
Z  0 .8 -
% S ic
92
CHAPTER SIX
MODET I JNG OF TRANSVERSE PLY 
CRACKING BEHAVIOUR
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6 . MODELLING OF TRANSVERSE PLY CRACKING BEHAVIOUR
6.1 INTRODUCTION
There are many analyses in the literature which attempt to model the stress distribution 
and hence stiffness properties of cracked composite laminates. These approaches have 
included elasticity/damage mechanics approaches see for example Dvorak, Laws & Hejazi 
(1985), Talreja (1985), and Nuismer & Tan (1988). An alternative approach has been a 
shear-lag type analysis, as used by, for example, Garrett & Bailey (1977), Highsmith & 
Reifsnider (1982) and Steif (1985).
Within the present chapter the experimental progressive cracking and residual 
stiffness data of the SiC whisker - glass/epoxy laminates (presented in chapter 5) are 
modelled using a shear-lag analysis. The statistical nature of the cracking process is 
studied using Weibull statistics, following workers such as Peters (1984), Fukunaga et al 
(1984) and Leaity et al (1992).
6.2 SHEAR-LAG STRESS ANALYSIS
Figure 6.1 shows a schematic representation of a crossply laminate in the region of a 
crack fully spanning the transverse ply in both the thickness and width directions. In the 
plane of the transverse ply crack which is assumed to be perpendicular to the direction of 
loading (y) the applied load must be carried by the longitudinal plies. The model then 
assumes that load is shed back into the transverse ply by a process of shear in the 90° ply. 
The value of the shear stress t , at a given distance from the crack, is related to the shear 
strain y = dv/dz in the transverse ply by the appropriate shear modulus Ggg:
94
One important assumption in the shear-lag analysis is the form of the displacement 
profile across the thickness of the transverse ply in the loading direction. The models of 
Garrett & Bailey (1977b) and Steif (1984) both assume that the minimum displacement 
occurs at the 0/90 ply interface due to the constraint of the 0° plies. The displacement 
increases so that a maximum value is attained at the ply centre. The models differ in that 
whereas Garrett & Bailey assume a linear displacement profile, Steif uses a parabolic 
displacement profile across the transverse ply (figure 6 .2 ), which is perhaps more realistic 
physically. By means of a force balance on an element in the transverse ply a relationship 
may be obtained between the shear stress x  and the longitudinal stress G2:
d y
where 2 d is the transverse ply thickness.
Solving equations 6.1. and 6.2 for Gg using the stress-strain relation, overall 
equilibrium including thermal stresses, and the boundary conditions 0  at y = ±s, we 
obtain:
^ 2  = 2 _ cosh(Aj) ^ ,...(6.3) ^ cosh(A )^ j
where Gg^  is the thermal stress in the 90° ply
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Similarly for X:
where A, is given by
x--dX sinh(A.37)cosh(À5) ..(6.4)
( x , G 2 ' ^ i p ' ^ d ) E Q
\ 1 
2 (6.5)
with a  = 3 for a shear-lag analysis in which the variation of longitudinal displacement 
across the transverse ply is assumed to be parabolic or a  = 1 for a linear variation of 
displacement.
For the shear-lag analysis proposed by Reifsnider (e.g. Highsmith & Reifsnider, 
1982) in which the resin rich region between the longitudinal and transverse plies is 
imagined to act as a shear spring the expression for A is rather different to the expression 
in equation 6.5; however the numerical value obtained for cross ply laminates is similar 
(Smith & Wood 1990).
From overall equilibrium and using equation 6.3 the variation of longitudinal stress 
in the longitudinal ply with coordinate y is given by
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c o s h ( X y ) " ^1 - cosh(A5) y
 (6 .6)
This shear-lag analysis is a one dimensional analysis which means that only the stress 
variation in the loading direction is considered while through-thickness and through-width 
stresses are ignored. Nevertheless, recent finite element studies (Guild et al 1992) suggest 
that the one-dimensional model gives a reasonable description of the longitudinal stress 
distribution.
The shear-lag equations may be used as a basis for the prediction of laminate 
stiffness reduction (section 6.3) or in conjunction with a strength based criterion to predict 
multiple cracking (section 6.4).
6.3 PREDICTION OF LONGITUDINAL MODULUS REDUCTION DUE TO 
TRANSVERSE PLY CRACKING
The longitudinal modulus as a function of crack spacing may be found from an expression 
for the mean longitudinal strain e:
= £ = J _ f  ....(6.7)
E 2sJ-s £j
giving, after substitution from equation 6 .6  (ignoring the thermal stress term, since it does 
not affect the stiffness) and simplifying:
which may be approximated at large crack spacings (Ogin et al (1985)) to:
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E  _____]_
1 ^ ^ 2  
Xs bE^l + ± : ^ t a i i h { A s )
A = l -
^ 0
1 ^ ] ±  ....(6.9)
2sX bE^
The predictions of equation 6 .8 , and experimental data, are shown in figure 6.3a-d for 
both linear and parabolic displacement theories (a = 1, a  = 3 respectively) using the 
appropriate properties for each material (Table 5.1). The predictions of modulus 
reduction shown in each case suggest quite clearly that the value of X  calculated using 
a  = 3  (parabolic displacement profile in the transverse ply) gives better agreement than 
the a  = 1 alternative. It has been decided therefore to use a value of cx = 3 in all 
subsequent analysis.
6.4 SHEAR LAG PREDICTION OF MULTIPLE TRANSVERSE PLY CRACKING
When the assumption that there is no variation in transverse ply strength is used, then 
once the value of Gg reaches the transverse ply strength (GgO, a crack will occur. Exactly 
when this point is reached is governed by the stress distribution in the transverse ply. The 
variation in Gg under longitudinal loading predicted by equation 6.3 indicates that for a 
given applied load the maximum transverse ply stress is situated midway between two 
existing cracks (y = 0). Logically, it is at this point that the new crack is most likely to 
occur. The applied stress necessary to cause cracking can then be predicted by
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rearranging equation 6.3 to give:
„  r ^ o
next crack „  . ^  \  2  . . . . ( 6 . 1 0 )
E o
1 - cosh(A5)
'2
The value of G 2 may be determined experimentally as the stress at which the first crack 
appears. The resultant prediction of crack spacing as a function of applied stress produces 
a step function (Garrett & Bailey 1977b). Under increasing applied load within the 
idealised "equally" spaced crack array no further cracking occurs until the terms of 
equation 6 .1 0  are satisfied; at this point, cracks are assumed to form simultaneously 
midway between all existing cracks. Thus, the crack spacing is effectively halved, 
resulting in a step function. The position of the step function will vary depending on the 
position of the first crack but it will always fall within an envelope defined by an upper 
and lower limit. Figure 6.4 shows the prediction of the shear-lag stepped function 
compared to the experimentally observed results of mean crack spacing as a function of 
applied stress for the data obtained from the quasi-static test results for the various 
laminates, presented in chapter 5. The value of the strength of the transverse ply (OgO 
used in this analysis for each material is taken from Table 5.2 (following Garrett &
Bailey) which is fitted to a value of crack spacing 2s = 130 mm, the coupon gauge 
length.
The accuracy of the prediction is limited. At all values of applied stress for each 
material the model underestimates the resultant crack spacing. The model also 
underestimates the saturation crack spacing. The overall form of the predicted curve.
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however, is reasonably accurate in that the experimentally observed trend is reflected. 
Initially a relatively large reduction in mean crack spacing is predicted over a relatively 
small stress range as is found experimentally. As the transverse ply approaches saturation 
this trend is reversed, a small reduction in the value of spacing being predicted over a 
relatively large range of applied stress. It is likely therefore that the shear-lag model 
merely requires refinement to improve the accuracy as opposed to seeking an alternative 
method of analysis. One such refinement is to incorporate a statistical element into the 
model to allow for the inherent strength variation in the transverse ply.
6.5 STATISTICAL MODEL OF TRANSVERSE PLY CRACKING
6.5.1 WEIBULL ANALYSIS
One drawback of the model presented in section 6.4.1 is the assumption that the transverse 
ply possesses a discrete failure strength (OgO • While the model allows for a distribution in 
tensile stress due to the presence of cracks, it does not allow for any variation in strength 
in the transverse ply. A number of statistics-based models have been proposed including 
those of Peters (1984), Fukunaga et al (1984) and Leaity (1991) to incorporate such a 
variation. Following Leaity (1991), who in turn draws heavily on the studies by Peters 
and co-workers, the strength variation in the transverse ply may be modelled using 
Weibull statistics. If the transverse ply is considered to consist of a number of discrete 
elements each of which may fail only once, then it should be possible to model statistically 
the strength distribution of the elements. One possibility is to assume that the strength of 
the elements follows the distribution suggested by Weibull to predict scatter in strength.
He defined a survival probability Pg(V) as the fraction of nominally identical samples each
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of volume V which survive loading to a tensile stress G. He proposed that
P ,( K ) = e x p - - l /^
m
—  I dV
where Gq and m are material constants. The Vq term represents a reference volume at 
which the constants Gq and m are determined. This term can be used to allow for any 
variation in the transverse ply thickness by comparing the element volume to the reference 
volume.
In the case of the transverse ply dV = 2dW dy and Vq = 2doWL where 2dg is the 
reference transverse ply thickness. Also, for a crack spacing of 2s in a coupon of length L 
there will be L/2s elements to consider, so equation 6.11 becomes
P(F)=exp- 2dW2d^WL
' L ) f S ' o '
J - s Iv dy . . . . (6 . 12)
Taking natural logs of each side and substituting the value for G as Gg from equation 6.3 
to account for the variation in stress in the elements, it is possible to rearrange to find the 
applied stress necessary to form the next crack:
'0
r £ ,V ‘ -ÿ  (InP/PO)"'
cosh(A^) y
- o ....(6.13)
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Before we can compare equation 6.13 with experimental data, we need to determine 
values of Gq and m. First we consider the survival probability further.
6.5.2 SURVIVAL PROBABILITY RANKING
Intrinsic to the Weibull model is that the probability of survival for an element reduces 
with increasing applied stress. The survival probability of the j**" element to fail (out of N 
elements) is given by
P ( V ) = l - ^  ....(6.14)* JV+1
In order to determine Pg(V) the total number of elements in the coupon, N, must be 
known. Leaity, following Peters, assumed the number of transverse ply elements in a 
coupon of length L to be defined by the saturation number of cracks (N) i.e. the ply 
consists of N elements of length 1^ = L/N. Peters had proposed that the physical basis for 
the description of the ply as a series of elements, was the existence of a region of the 
transverse ply which was shielded from the applied stress by the presence of the crack.
As transverse ply cracking eventually saturates, the saturation crack spacing must be 
representative of the extent of these stress shielded regions. In order to define the 
"boundaries" of each element he assumed that cracking could not occur until the stress in 
the transverse ply exceeded 90% of the value in the ply at a remote distance from the 
crack.
Figure 6.5 shows schematically a section of the transverse ply at crack saturation. 
Each region bounded by two transverse ply cracks is considered to be an individual 
element.
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6.5.3 DETERMINATION OF m AND Gq
To study the statistics of transverse ply cracking in detail it is necessary to know both the 
stresses at which cracks occur and their location within the transverse ply. Peters (1984) 
used a technique based on the instantaneous measurement of the drop in load applied to 
the coupon for each transverse crack while Leaity used acoustic emission associated with 
the formation of each crack to determine the fracture strain. Both these techniques 
allowed the applied load at cracking to be determined; however, they could not determine 
the environment in which the crack occured i.e. the position of the nearest neighbouring 
cracks on either side of the new crack. This is required to calculate the true transverse 
ply stress at the site of the new crack at the time of cracking.
In the present work, new laminates were made (i.e. different to those for which 
data are shown in figures 6.3 and 6.4. Two tensile coupons of each material were tested 
as described in section 3.5.2, the position of each crack along the coupon length, and the 
corresponding applied load, being noted. A computer program was then used to aid the 
determination of m and Gq values for use in the Weibull analysis. A flowsheet for the 
program is shown in Appendix 6.1, the stages of the program were as follows:
1 . The c o n sta n ts  necessary for the calculation of the transverse ply stress (Gg) were 
entered into the program, together with the total number of transverse ply cracks noted 
during the test (N).
A loop was then performed N times, incrementing the value of j for each repetition:
2. The position of crack j along the length of the coupon (CP)j and the applied stress (G^ )j 
were entered.
103
3. From the existing data of crack positions (CPi to CPj.i), the nearest neighbour distance 
for each side of the new crack may be determined. This is shown schematically in figure
6 . 6  as a new crack C forms between existing cracks A and B.
4. The distance of the new crack (Y)j from the point of maximum transverse ply stress 
situated midway between existing cracks A and B was then calculated.
5. The transverse ply stress which caused the crack (Gg)^  could then be calculated using 
equation 6.3. The value of s in the equation was taken as half the distance between crack 
A and crack B.
6 . Once stages 2 to 5 had been completed for all N cracks the values of Gg are rearranged 
in ascending order of stress.
7. Equation 6.14 was then used to assign each value of Gg a corresponding value of 
survival probability Pj.
8 . The program then calculated the values of In In I/P 3 and the corresponding values of 
In Gg for each crack. It may be seen from equation 6.11 that a plot of In In ( l /P j  versus 
In (Gg) will yield a straight line of slope m, provided that the elemental fracture stresses in 
the transverse ply follow a Weibull distribution.
Plots of survival probability as a function of transverse ply stress for each material 
are shown in figure 6.7. The value of Gq for each coupon may be determined from figure 
6.7, the appropriate value of Gq being taken as the value of Gg on the x-axis which 
corresponds to a probability of survival of 0.37. The relevant value of Gq for each coupon 
is shown in Table 6.1. The output from the computer program in the form of In In (l/P,) 
plotted against In Gg is shown in figure 6 .8 . The values of m determined by best straight 
line fitting through the data, or in the case of the 0 % material two straight lines of 
differing slope for each coupon, are listed in Table 6.1.
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The first notable feature of the data of figure 6 . 8  is the apparent bimodal nature of 
the strength distribution for the 0 % material (figure 6 .8 a) and to a lesser degree the 2 % 
material (figure 6 .8 b). This behaviour has been observed by other researchers working 
with GFRP material, for example Manders et al (1983) and Leaity (1991). The change in 
Weibull modulus or "knee" appears to occur when approximately 50 cracks are present in 
the coupon corresponding to a crack spacing of 2s = 2.6mm (crack density = 0.38 
cracks/mm). The transverse ply saturation number of cracks for each material listed in 
table 6.1 would suggest that both the 5% and 10% coupons undergo tensile failure of the 
0° plies before any knee would be seen. The existence of such a knee in the behaviour of 
the 2% material is difficult to determine as the interval between the possible knee (50 
cracks) and failure of the coupon is only about 3 to 5 cracks.
As indicated above previous workers have observed this bi-modal behaviour and it 
is generally accepted that at low stresses and high crack spacings (higher m value) the 
transverse cracks originate from the presence of inherent flaws such as voids or areas of 
insufficiently wetted fibre. At higher stresses and corresponding low crack spacings 
(lower m value) such major defects are thought to have failed already and thus any further 
cracking originates from flaws which develop as a consequence of failure of the 
fibre/matrix interface.
6.5.4 PREDICTION OF CRACK ACCUMULATION
A computer program based on that used by Leaity (1991) has also been produced to 
predict progressive cracking. The program uses a loop which increments the number of 
cracks present in the coupon by one at each execution of the stress prediction. It then 
calculates the relevant value of Pg(V) for each crack. The program then utilises an
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iterative method to solve the integral within equation 6.13 which when combined with a 
knowledge of the values of Gq and m allows equation 6.13 to be solved for the 
corresponding cracking stress. A program flowchart is given in appendix 6.2.
The predictions of this model for each material are shown in figure 6.9 which also 
includes the experimental values used to calculate m and Gq to judge the degree of 
accuracy of the model to predict the experimental trend. Also shown in figure 6.10, for 
comparison with figure 6.9, is the prediction of the model when a constant probability of 
failure for each element is assumed (0.5) as suggested by Fukunaga et al (1984)
Interestingly, the experimental data for the variation of transverse ply crack 
spacing with applied stress shown in figures 6.9 and 6.10 show a definite "shift" from the 
test results shown in figure 6.4. As the two sets of test data were gained from tests using 
the same loading frame under similar experimental conditions, the only possible testing 
variable that may have caused this anomaly is a calibration inaccuracy of the loading 
frame load cell, although there is no evidence to support this occurence. As noted earlier 
the experimental data shown in figures 6.9 and 6.10 was obtained from a different set of 
laminates to those results shown in figure 6.4. Despite having nominally identical SiC 
contents, and overall dimensions to the first batch of laminates, it is possible that the 
increased cracking resistance of the second batch of laminates was due to an unintentional 
refinement of the fabrication procedure. It may be seen from the fabrication route 
described in sections 3.2 and 3.4 that the laminate fabrication is very labour intensive. It 
is possible that with increasing practice the lay-up technique would have improved, for 
example by the improved wetting out of the fibres in the whisker loaded epoxy producing 
a lower defect content and thus higher cracking resistance.
However, even allowing for the disparity between the two batches of laminates, it
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should also be noted that the statistical models shown in figure 6.9 and 6.10 show better 
agreement with both sets of experimental data, than the Garrett, Bailey & Parvizi 
predictive envelope.
6,6 DISCUSSION
In order to attempt to judge the validity of the statistical model to predict transverse ply 
cracking behaviour it is instructive first to consider the actual physical stress distribution 
in the presence of cracks under tensile loading conditions. It is possible to plot the 
variation in t ,  Gg and G^  between two full width cracks spaced 2 s apart for the materials 
studied using the data from Table 5.1 and equations 6.3, 6.4 and 6 .6 . This variation 
(excluding thermal stresses) is shown in figure 6 . 1 1  for the glass epoxy laminate at three 
different crack spacings. Considering the variation in Gg at a crack spacing of s = 5mm 
(figure 6 .1 1 a) we see an initial rapid increase in stress in the regions immediately adjacent 
to an existing crack which levels to a fairly constant value approximately equal to 
(^ applied-^2/^0 across the central region remote from the cracks. The most likely site for 
cracking to occur based simply on the stress variation is not immediately apparent as a 
relatively large section of the transverse ply sees approximately the same maximum tensile 
stress. It is likely that at such relatively large crack spacings the position of the next 
crack is governed by factors such as the largest intrinsic flaw present or the region of 
highest glass volume fraction (see section 5.4) i.e. factors which could best be modelled 
using a strength variation model. At lower crack spacing, s = 2mm (figure 6.11b), the 
maximum value of Gg falls slightly. More significantly, however, when considering a 
statistical argument, the central region over which the maximum stress is encountered is 
reduced greatly relative to the stress shielded regions. It is reasonable, then, to assume
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that at crack spacings of this size the variation in stress due to the existence of cracks, 
rather than the strength variation, is responsible for the determination of the position of 
the next crack (Manders et al 1983) . The concept of saturation can be explained best 
using shear-lag by observation of the Gg trend predicted for a crack spacing of s = 1mm 
(figure 6.11c). At this crack spacing the stress shielding from neighbouring cracks is 
sufficient to eliminate further cracking until tensile failure of the 0 ° plies and this is 
almost certainly the case for the 5% and 1 0 % materials. Alternatively, the saturation 
exhibited by the 0 % and to a lesser extent the 2 % material may occur as a result of the 
failure by shear of the 0/90 ply interface. As equation 6.4 shows, the shear stress at the 
0/90 interface increases linearly with the applied stress, independent of crack spacing. As 
suggested by Peters & Andersen (1989) there must come a point where the interface fails 
(or yields plastically) and so no further stress may be shed back into the transverse ply. 
Physically, this is manifested as an apparent saturation cracking level.
The obvious problem is to relate this general description of shear-lag to the 
predictions of figures 6.9 and 6.10 and the assumptions concerning the survival 
probabilities of each transverse ply element. From the description of shear-lag detailed 
above it is suggested that statistics plays the most significant role at high crack spacings 
(2s > 4 mm). In addition, the premature failure of the 5% and 10% coupons, compared 
to the 0 % and 2 % materials, means that there is no experimental data at smaller crack 
spacings for these materials.
Agreement between the data and the statistical models for both the varying survival 
probability model (figure 6.9) and the 50% survival probability model (figure 6.10) models 
is reasonably good. Inspection of the predictions for the 0% material at varying P, 
suggests that the higher values of m give better agreement with the experimental data at
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large crack spacings. This is to be expected as higher Weibull moduli were obtained from 
the crack spacing/stress data in this region of the tensile test results. The = 0.5 
prediction overestimates the crack spacing for a given applied stress. Ranking the survival 
probability thus provides a more accurate model than assuming that the ply element will 
fail when its chances of survival fall below 50% for the 0% material. Evaluating the 
relative merits of the two models for the laminates containing SiC whisker is less 
straightforward. Overall the agreement of the model assuming P, = 0.5 is better although 
either model is capable of predicting the experimentally observed trend.
6.7 SUMMARY
The experimental data for the residual stiffness of cracked hybrid laminates has been 
modelled successfully using shear-lag analysis. The results are well represented assuming 
a parabolic variation of the longitudinal displacements in the transverse ply. The shear-lag 
analysis cannot predict the relationship between the crack spacing and the applied stress 
when a single-valued transverse ply strength is assumed.
A method has been developed to monitor the position of each successive 
transverse crack so enabling the in situ transverse ply strength to be determined. Based 
on these results, two Weibull statistical models, one assuming a constant survival 
probability (P^  = 0 .5 ) and the other a varying ranked survival probability, have been 
proposed. The accuracy of these two models has been appraised. The appraisal has 
found that the model using a variable survival probability shows better agreement for the 
0% SiC whisker. Marginally better agreement with the experimental data is obtained with 
the constant survival probability models for 2%, 5% and 10% SiC whisker.
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TABLE 6.1 - Weibull data used for statistical prediction of transverse ply cracking 
behaviour
% SiC WEIBULL MODULUS (m)
CHARACTERISTIC 
STRENGTH Gg 
(MPa)
FINAL NUMBER OF 
CRACKS PRESENT
0
9-INITIAL
4-FINAL 66 75
18-INITIAL
5-FINAL 61 70
2 13 68
55
12 67 53
5 11 86
32
14 83 35
10 13 91 2311 90 23
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Figure 6.1 - Co-ordinate system used to describe the position of a crack in the transverse ply
Transverse ply 
matrix crack
Z
Figure 6.2 - Schematic representaion of linear and parabolic transverse ply crack displacement profile
linear displacement
X
Y
parabolic displacement
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Figure 6.3 -Comparison of experimental, normalised modulus crack density data with linear displacement (a=1) and parabolic displacement (a=3) profile shear-lag predictive modelsa) - 0% Sic whisker
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c) - 5% Sic whisker
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Figure 6.4 - Comparison of quasi-static experimental crack spacing - applied stress data with Garrett, Bailey & Parvizi (GBP) predictive envelope a) - 0% Sic whisker
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Figure 6,5 - Elemental model of transverse ply (after Peters (1984))
j—1 J—2 j—3 .... j=N
\ i /f Y \ / \  / \
Site of transverse ply crack
Tensile stress distribution in transverse ply
Figure 6.6 - Schematic representation of position of a new crack (C) forming between two exsisting cracks, (A) and (B)
ABAB
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Figure 6.7 - Variation in Weibull survival probability (Pg) with transverse ply stress (0 2 ) for crossply laminate elements containing varying quantities of SiC whisker 'a) - 0% Sic whisker
1.0
0.9-
^  0.8- 
>  0.7-D(0 0 . 6 - 
I  0.S-.
a  0.4- gCQ 0.3- Og 0.2-
u_
0.1-
Xx0.0-140 50 10060 70 80 90
TRANSVERSE PLY STRESS (MPa)
X  COUPON 1 +  COUPON 2
b) - 2% Sic whisker
1.0
0.9-
<  0.8-I 07-
(o 0.6-u_
® 0.5-s-ba  0.4- g
S  0.3- o^
 0.2-
0.1-
0.040 50 60 70 10080 90
TRANSVERSE PLY STRESS (MPa)
X  COUPON 1 ♦  COUPON 2
117
c) 5% S i c  whisker
0.9-
^  0.8- 
I(O 0 .6 -  u.
?  0.5-
xl
□  0.4- 9CQ 0.3- OS 0.2-
X .[ X
-X.
0.1-
0.040 50 60 8070 90 100
TRANSVERSE PLY STRESS (MPa)
X  COUPON 1
d) - 1 0% Sic whisker
0.9-!
Ll_o
0.8-
0.7-
0.6-
0.5-
3  0.4- gS  0.3-o£ 0.2- x +0.1-
0.0 50 10040 60 80 9070
TRANSVERSE PLY STRESS (MPa)
X  COUPON 1 COUPON 2
118
Figure 6.8 - .Weibull plot In In l/Pg against In 02 for crossplylaminate elements containing varying quantities of SiCa) - 0% SiC whisker
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Figure 6.9 - Prediction of crack spacing variation with applied stress using Weibull statistical model Survival probability - varyinga) 0% - Sic whisker
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Figure 6.10 - Prediction of crack spacing variation with applied stress using Weibull statistical model Survival probability - 0.5a) 0% - Sic whisker
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Figure 6.11 - Variation of longitudinal and shear stress between two transverse ply cracks in a glass/epoxy crossply (0/90)g laminate calculated using a one dimensional shear-lag analysis a) s = 5mm
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Appendix 6.1 - Flow chart of computer program used to calculate G 2  for each transverse ply element 
1 INPUT
1  VALUE 
TOTAL NUMBER OF CRACKS (N) 
THERMAL STRESS (G2^1(E2/Eo)
j = l
INPUT 
CRACK POSITION (CP): 
APPLIED STRESS (0^);
CALCULATE (G2)j 
(Equation 6.3)
j = j  +  lYES
NO
RANK
(G 2)j VALUES IN ASCENDING ORDER
CALCULATE 
Pg VALUES FOR EACH G 2 
(Equation 6.14) 
(Figure 6.7)
CALCULATE 
In In 1/Pg
In G 2 
FOR EACH CRACK 
(Figure 6.8)
DETERMINE NEAREST NEIGHBOUR 
DISTANCES
(Sac)j (SBc)j
CALCULATE 
(Y)j 
(Figure 6.6)
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Appendix 6.2 - Computer program flowchart showing method used to predict applied stress (Q as a 
function of crack spacing (s)
INPUT
^  0, ^ 0  .uL, E2, Eq, ^ , d, a 2 
TOTAL NUMBER OF CRACKS (N)
NUMBER OF CRACKS 0) =  1
CALCULATE .
(equation 6.14) 
-> figure 6.9 
OR
figure 6.10
CALCULATE
(equation 6.13)
YES
NO
STOP
CALCULATE
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CHAPTER SEVEN
MODULUS REDUCTION OF
CROSSPLY LAMINATES UNDER
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7. MODULUS REDUCTION OF CROSSPLY LAMINATES UNDER FATIGUE 
LOADING
In this chapter the results obtained from testing crossply laminates containing 
varying proportions of SiC whisker under fatigue loading conditions are presented. The 
experiments are reported in two sections; the first section describes the tests carried out to 
monitor laminate stiffness reduction and crack accumulation in the transverse ply 
(Section 7.1, figures 7.1 - 7.3) and the second section is concerned with the propagation 
behaviour of isolated transverse ply cracks (Section 7.2, figures 7.4 - 7.7). The physical 
significance of the results are discussed with a view to modelling the observed behaviour 
quantitatively (which is the subject of chapter 8).
7.1 M ULTIPLE CRACKING BEHAVIOUR OF LAMINATES UNDER FATIGUE 
CYCLING
7.1.1 VARIATION IN LONGITUDINAL MODULUS WITH FATIGUE CYCLING
Figure 7.1a-d shows the normalised modulus reduction data with number of cycles. 
The data are plotted directly by the fatigue test computer control system during testing. 
The modulus reduction curves are shown as continuous lines which join values of E/Eg 
taken at 1000 cycle intervals. The peak load levels used were chosen in order to give a 
representative range of modulus reduction curves. These peak load values varied from a 
peak load level just below the fatigue cracking threshold to a peak load value which 
produced transverse ply crack saturation in the 0% SiC system on the first tensile loading 
cycle (6.5 kN).
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The results obtained from the fatigue testing of 0% SiC coupons are shown in 
figure 7,1a. The range of pealc load values chosen for this material varied from a test at a 
peak load value of 2.8 kN to the upper peak load of 6.5 kN. The variations in normalised 
longitudinal modulus with fatigue cycles at different peak load values for the material 
containing SiC as 2% by volume of the matrix are shown in figure 7.1b. For this 
material the fatigue tests were carried out at peak load levels which were in the range of 
3 kN to 6.5 kN as the greater resistance to transverse ply cracking relative to the 0 %  
material resulted in an elevation in the fatigue cracking threshold. The results from the 
fatigue testing of the material containing SiC as 5% by volume of the matrix are shown in 
figure 7.1c. Once more the loading range chosen has shifted towards higher load levels 
due to the increased volume of SiC whisker present. The load range chosen in this case 
varies from 5 kN to 6.5 kN peak load. In contrast to the results shown in figures 7.1a-b 
the onset of modulus reduction is found to be delayed at the lower peak load values. The 
results from the fatigue testing of the material containing SiC whisker as 10% by volume 
of the matrix are shown in figure 7. Id. For the 10% material the load range chosen 
varies between 5.25 kN and 6.5 kN. Once again, a delay to the onset of modulus 
reduction is evident as observed in the 5% material.
7.1.2 VARIATION IN NUMBER OF EDGE CRACKS W ITH FATIGUE CYCLING 
Figure 7.2a-d shows the variation in the number of edge cracks present per 
millimetre with number of fatigue cycles for the materials studied. All measurements 
were taken within the 50 mm gauge length of each coupon. It was over this gauge length 
that the tensile modulus of each coupon was recorded during testing. These results were 
gained by applying dye to the exposed edge of the transverse ply of the material (no
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indication of crack length is given by this method, other than for full width cracks which 
can be determined by the appearance of cracks at the same relative position on both edges 
of the coupon).
Comparison of the results presented in figures 7.1 and 7.2 shows that the rate of 
reduction in longitudinal Young's modulus with increased number of fatigue cycles 
observed in figure 7.1 corresponds closely with the rate of appearance of transverse ply 
cracks within the material shown in figure 7.2. Observation of the gauge length of the 
coupon using optical microscopy, both on coupon edges and on the milled surface of 
transverse ply, failed to indicate any other form of damage present, such as delamination 
or fibre breakage. Based on this evidence it would appear reasonable to assume, 
therefore, that the reduction in longitudinal modulus is due almost entirely to the presence 
of transverse ply cracks.
7.1.3 VARIATION IN TRANSVERSE PLY CRACK DENSITY
A series of fatigue tests were carried out in order to determine the variation in 
longitudinal Young's modulus of coupons as a function of the crack distribution present. 
This involved testing coupons until a predetermined value of E/Eg was achieved. The 
coupon was then removed and a longitudinal ply milling technique was used to reveal the 
crack distribution. A crack density was then calculated based on the equivalent number of 
equally spaced full width cracks per millimetre along the coupon length i.e.
D = l/2s = a/WL, where a is the total measured crack length. The results of these tests 
are shown in figure 7.3a-d. The results are plotted in the form of normalised modulus 
(E/Eg) as a function of the equivalent crack density. The corresponding results obtained 
from the quasi-static testing of crossply coupons together with the Steif shear-lag
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prediction are shown for comparison for each material.
7.2 GROW TH RATES OF ISOLATED SINGLE CRACKS
Results from the fatigue testing of coupons containing isolated cracks are shown in 
figures 7.4. to 7.7. The data are plotted in the form of crack length across the width of 
the coupon as a function of the number of fatigue cycles. The results for the 0 %  material 
were measured simply from direct optical observation of a single crack growing across a 
coupon. This technique was not possible for the SiC materials. For these materials each 
data point corresponds to the length of an individual crack at the termination of the test. 
For example, if we study the data shown in figure 7.5 (e) for 2% material it can be seen 
that the notch introduced into the transverse ply at the edge of the coupon 40,000 cycles 
before the termination of the test grew to a length of 4 mm. In order to determine the 
rate of crack growth (da/dN) for a given applied load, a least squares linear fit method 
was applied to the data. It was found that the lines produced did not pass through the 
origin and this initial crack length is likely to represent the notch length resulting from the 
scalpel notching process.
The peak load and peak stress values used for each test and the corresponding 
calculated values of crack growth rate (da/dN) are shown in Table 7.1
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7,3 DISCUSSION OF RESULTA
7.3.1 EFFECT OF PEAK LOAD ON THE MODULUS REDUCTION
The rate of modulus reduction is very load dependent. This trend is most dramatic 
at the higher load levels since full width cracks appear in the coupon during the first 1/4 
stroke of fatigue cycling. This can also be seen from figure 7.2 where the number of 
cracks observed after the first fatigue cycle increases with increasing peak load values. 
Figure 7.1 also shows that there is a systematic variation in the "saturation" value of the 
normalised modulus with peak load, i.e. the value which E/Eg appears to approach 
asymptotically with cycling. This behaviour is reflected in figure 7.2 since the number of 
cracks present approaches a constant value.
The tendency for a saturation value is consistent with shear-lag analysis. For 
example, figure 6.11b shows the stress distribution in the transverse ply for the 0% 
material with cracks spaced 4 mm apart (s = 2 mm). From this plot it can be seen that 
the regions adjacent to each crack are "shielded" from the applied load and that away 
from the cracks load is gradually shed back into the transverse ply from the neighbouring 
longitudinal plies. The transverse ply stress is predicted to reach a maximum value 
midway between existing cracks. When the crack density increases, an increasing 
proportion of the coupon edge is shielded due to being in the vicinity of an existing crack, 
and the number of potential sites for crack initiation and growth are reduced. In addition 
it is reasonable to assume that the largest "flaws" present on the coupon edge fail in the 
early stages of the test. This means that as the crack density increases the remaining 
average initial flaw size will be reduced. The combination of the effects of stress 
shielding, which will be influenced by the level of applied stress, and the reduction in the 
number of large flaws present leads to a gradual reduction in the rate at which cracks
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initiate. Finally the rate of initiation approaches zero resulting in a "saturation" value of 
longitudinal modulus being achieved for a given applied loading range.
7.3.2 EFFECT OF SiC VOLUME FRACTION ON MODULUS REDUCTION
Turning to the effects of SiC whisker on the modulus reduction, figure 7.8 (a-c) 
shows the modulus reduction data of figure 7.1 replotted to enable the different materials 
to be compared as a function of three load levels. At all three load levels it can be seen 
that for any given number of fatigue cycles there is an increased value of normalised 
modulus with increased SiC content. This means that the incorporation of SiC whisker 
results in a material which retains a greater proportion of its initial stiffness under fatigue 
loading conditions. Figure 7.8(a) (peak load of 4 kN) shows that additions as low as 2% 
SiC by volume of the matrix will affect the rate of stiffness reduction significantly. In 
addition, the stabilised value of normalised modulus is higher for the 2% material than for 
the 0% material. The combination of these factors suggests that the addition of SiC 
whisker in relatively low proportions results in a definite improvement in the fatigue 
properties of GFRP. The 5% and 10% materials did not show any loss in stiffness at this 
peak load level (4 kN).
The results at the peak load level of 5 kN are shown in figure 7.8(b). For this 
peak load level, only the 10% material failed to show any loss in stiffness which would 
suggest that this peak load level is below the fatigue cracking threshold for this material. 
However similar behaviour is observed for the 5% material up to 20,000 cycles, no 
significant stiffness reduction occurring until this point. Had the test been terminated up 
to 20,000 cycles, it would have been assumed that this peak loading level fell below the 
threshold value for fatigue cracking to occur; however, on additional cycling a significant
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fall in the residual stiffness was observed. It may be seen, therefore, that unlike static 
loading, defining a definite cracking threshold for fatigue based purely on the applied 
loading conditions is not possible and that the relevant range of cycles must also be 
stipulated. For this work, all tests which failed to show any stiffness reduction were 
terminated after 50,000 cycles so that the fatigue limit of cracking may be defined as the 
applied stress below which no transverse ply cracking occurs after 50,000 loading cycles.
The 20,000 cycle delay before damage, which is observed in the 5% material, can 
be attributed to the initial flaws or debonds growing across the transverse ply thickness 
until they reach the neighbouring 0° plies, as noted by Boniface, Ogin & Smith (1989). 
Once this initiation process has occurred, crack propagation is then only possible across 
the width of the coupon and it is this growth which is primarily responsible for the 
observed stiffness reduction in the coupon.
The delay in damage with increasing whisker can be explained if the SiC whiskers 
can be thought to modify the cracking behaviour of the transverse ply by acting as crack 
deflectors. Alternatively, a percentage of the individual whiskers with the correct 
orientation relative to the crack tip may bridge the faces of the crack preventing the crack 
from opening fully and so inhibiting crack growth. It should also be noted that if we 
assume that the crack grows through-thickness before travelling across the width of the 
coupon then the initiation stage will increase with increased whisker content due to the 
increase in transverse ply thickness. In numerical terms the transverse ply for the 10% 
material is 1.8 mm in thickness compared to a value of 1 mm for the 0% material. This 
discussion assumes of course, that the cracks growing across the coupon width do not 
achieve a critical flaw size before spanning the thickness of the transverse ply.
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Figure 7.8(c) shows the results for the peak load of 6.5 kN. In terms of retained 
stiffness at this load level there is little difference between any of the materials containing 
SiC whisker after about 15,000 cycles. The 0% material shows the greatest initial fall in 
retained stiffness, no further stiffness reduction is observed after approximately 10,000 
cycles whereas the materials containing SiC show a more gradual decrease in stiffness. 
Based on the data in Figure 7.8(c), it would not be unreasonable to suggest that these 
materials containing SiC approach the same saturation E/Eg value of 0.85 exhibited by the 
0% regardless of the SiC content. The most plausible explanation for this behaviour is 
that increasing SiC content increases the toughness of the transverse ply but it does not 
alter the stress distribution to any significant degree. Hence if the stress is sufficiently high 
to generate fatigue cracks, the eventual residual stiffness will be unaffected by the 
presence of the whisker.
7.3.3 EFFECT OF SiC WHISKER ON THE TRANSVERSE PLY CRACK 
DISTRIBUTION
The plots of the residual stiffness against equivalent crack density data for each 
material shown in figure 7.3 allow a comparison of the fatigue cracking behaviour and the 
quasi-static cracking behaviour to be drawn. The rate of stiffness reduction with 
increasing equivalent crack density for the four materials appears generally to be greater 
under fatigue loading. This would suggest that under these loading conditions additional 
damage mechanisms occur which affect the stiffness of the crossply coupons. Possible 
mechanisms include delamination (although no evidence of this form of damage was 
observed), or glass fibre fracture within the 0° plies which provide the primary 
contribution towards the longitudinal stiffness of the coupon. This mechanism is
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particularly likely within the laminates containing SiC whisker, as the whiskers abrade the 
surface of any glass fibres with which they are in contact, possibly leading to premature 
failure of the fibres. For the 0% material (figure 7.3a) agreement between the fatigue 
data and the shear-lag prediction of equation 6.8 is very close. As the stiffness falls and 
the crack density increases the quasi-static and fatigue experimental data diverge. The 2% 
fatigue results shows close agreement, not exhibiting such divergence, although in this 
case the quasi-static data show more scatter than seen for the 0% material. For the 5 %  
material the majority of the fatigue data points fall below the shear-lag predictive line. 
Once again it is possible that the reason for this behaviour under fatigue loading is the 
simultaneous action of other damage mechanisms. A second explanation is that the 
assumptions made is calculating the crack spacing (s) for use in equation 6.8. may lead to 
inconsistency. The value of s used is based on an array of equally spaced full width 
cracks but the actual array observed in the material after fatigue loading consisted of 
cracks which partially spanned the coupon (figure 7.9). This may affect the resultant 
stiffness reduction observed.
7.4 SUMMARY
The fatigue testing of crossply coupons containing varying proportions of whisker 
at peak loads above the fatigue cracking threshold results in reductions in residual 
longitudinal modulus of up to 15%. The modulus reduction data correspond closely with 
data for crack accumulation. Addition of SiC whisker delays cracking, and can give rise 
to an "initiation" regime. The modulus reduction/crack density data from fatigue tests 
were compared to the data from quasi-static testing of the materials and shear-lag 
prediction. Slight disparities were attributed to other damage mechanisms acting during
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fatigue loading and the method of quantifying the crack density.
The growth rate of isolated fatigue cracks was also measured as a function of the
applied peak load for each of the four types of laminate. This has been obtained for use
in modelling which will be described in the next chapter.
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Table 7 .1 -  Results of the isolated fatigue crack growth tests for materials containing 
varying quantities of SiC whisker
% SiC Peak Load (kN)
Applied Stress 
Range 
A g  (MPa)
Crack Growth 
Rate da/dN 
(mm/cycle)
0
1.4 31.5 4.5x10*^
1.6 36 6.4x10'^
1.9 42.8 1.5x10-5
2.0 45 5.4x10-5
2.25 50.6 6.2x10-5
2.5 56.3 1.9x10^
2
1.8 28.9 1.6x10-5
1.8 28.9 1.2x10-5
1.9 30.5 1.7x10-5
2 32.1 1.1x10^
2.2 35.4 1.1x10 4
2.4 38.6 3.1x10-4
5
2 30 6.8x10^
2.2 33 1.8x10-5
2.4 36 1.8x10-5
2.6 39 8.4x10-5
2.8 42 4.0x10-4
3 45 3.3x10-4
10
2.6 32.5 2.0x10-5
2.8 35 3.0x10-5
3.0 37.5 2.9x10-5
3.25 40.6 3.6x10-5
3.5 43.8 1.9x10-4
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Figure 7.1 - Variation in crossply coupon residual modulus (E/Eq )with number of fatigue cycles as a function of peak cyclic loada) - 0% S i c  whisker
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Figure 7.1 - Variation in crossply coupon residual modulus (E/Eq ) with number of fatigue cycles as a function of peak cyclic load
b) - 2% Sic whisker
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Figure 7.1 - Variation in crossply coupon residual modulus (E/Eq )with number of fatigue cycles as a function of peak cyclic loadc) - 5% S i c  whisker
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Figure 7.1 - Variation in crossply coupon residual modulus (e /Eq )with number of fatigue cycles as a function of peak cyclic loadd) - 10% S i c  whisker
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Figure 7.2 - Variation in number of transverse ply cracks/mm withfatigue cyclesa) - 0% S i c  whisker
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Figure 7.2 - Variation in number of transverse ply cracks/mm withfatigue cyclesb) - 2% Sic whisker
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Figure 7.2 - Variation in number of transverse ply cracks/mm withfatigue cyclesc) - 5% S i c  whisker
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Figure 7.2 - Variation in number of transverse ply cracks/mm withfatigue cyclesd) - 10% Sic whisker
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Figure 7.3 - Variation in normalised modulus with transverse ply crack density for crossply laminates containing varying quantities of SiC whisker a) - 0% Sic
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Figure 7.4 - Variation in isolated fatigue crack length withfatigue cycles for laminates containing 0% S i c  whiskera) 1.4 kN peak load
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Figure 7.5 - Variation in isolated fatigue crack length withfatigue cycles for laminates containing 2% SiC whiskera) 1.8 kN peak load
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Figure 7.6 - Variation in isolated fatigue crack length withfatigue cycles for laminates containing 5% SiC whiskera) 2.0 kN peak load
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Figure 7.7 - Variation in isolated fatigue crack length withfatigue cycles for laminates containing 10% SiC whiskera) 2.6 kN peak load
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Figure 7.8 - Variation in residual modulus for materialscontaining varying quantities of SiC whiskera ) 4 kN
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CHAPTER EIGHT
MODELLING OF MODULUS
REDUCTION UNDER FATIGUE
LOADING
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8 . MODELLING OF MODULUS REDUCTION UNDER FATIGUE LOADING
In order to model the transverse ply cracking behaviour of the crossply laminates 
under fatigue loading conditions it is convenient to consider two stages, firstly the growth 
of an initial crack to span the transverse ply thiclcness (initiation) and secondly the growth 
of the crack across the width of the coupon. Sections 8.1 and 8.2 deal with these two 
stages and explain how they are modelled in a computer simulation. In section 8.3 results 
from the computer simulation are presented and these are discussed in section 8.4
8.1 CRACK INITIATION
For the purpose of this study, crack initiation under cyclic loading, refers to the 
process of growth of an initial flaw, situated at the edge of the transverse ply, in the 
through thickness direction. The initiation can occur by one of two mechanisms. Where 
the fatigue peak stress is sufficiently high, the flaw will propagate until the criterion for 
fast fracture is satisfied (a > a i^t) and the crack propagates across the full thickness (and 
width) of the ply "instantaneously". Under these loading conditions initiation may be 
considered the process of growth of the flaw until it reaches acrh- As the value of a i^t 
varies with 1 /a^ there will be a critical peak stress below which a^ it exceeds the 
transverse ply thickness so that fast fracture cannot occur. At fatigue stress levels below 
this critical stress, initiation refers to the stable growth of the flaw under fatigue loading 
across the entire transverse ply thickness. Following Ogin & Smith (1987), figure 8.1 
shows schematically the growth of a semicircular flaw in both the through-thickness (z) 
and through-width (x) directions. The initial flaw of extent ag may be the result of a 
number of "defects" such as:
(1) coupon edge damage produced during sample machining;
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(2 ) matrix voids from volatile resin components during cure;
(3 ) areas where poor wetting of the fibres by the resin has occurred;
(4 ) areas of high glass volume fraction where the strain magnification is such that a
crack initiates on the first loading cycle.
The action of fatigue cycling, enhanced perhaps by the local increase in stress due to the 
presence of the free edge, activates these flaws to grow with each fatigue cycle. 
Assuming that catastrophic failure does not occur, at the point where the size of the flaw 
in the z direction (2 a) equals the transverse ply thickness (2 d) the presence of the 
neighbouring longitudinal plies prevents further propagation in the z direction. At this 
point the through-thickness crack is sufficiently large to be detected by the dye penetrant 
technique and is assumed to be growing stably in the x direction across the width of the 
coupon.
8.1.1 FLAW DISTRIBUTION
From the experimental data displayed in figure 7.2 it is apparent that the number 
of through-thickness cracks growing across the transverse ply width increases with 
increased number of fatigue cycles up to saturation i.e. each crack takes a different 
number of cycles to span the thickness of the transverse ply. This is reasonable if the 
initial flaw sizes present vary i.e an effective flaw size distribution must exist in the 
transverse ply from the first tensile 1/4 cycle. This distribution will be made up both of 
flaws which existed in the coupon before testing and those generated under the external 
loading.
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The crack sites resulting from these factors leads to an "effective flaw distribution" 
being present within any tensile coupon. An understanding of these flaws and the manner 
in which they behave under tensile loading should allow reasonable predictions concerning 
crack initiation to be determined. Wang and co workers (1980,1982,1984) considered the 
flaws to be described by a normal distribution as shown in Figure 8.2.
Physical evidence of the existence of a distribution of flaws within the laminates of 
the present study may be obtained from the distribution of transverse ply element fracture 
strengths calculated in section 6.4.2 from the quasi-static tests. For thick ply behaviour 
i.e. mechanism-controlled cracking, the stress cr^ , at which a crack of size a<, will propagate 
may be estimated from:
^ c ~— ^  . . . . ( 8 . 1 a)
where Kic is the fracture toughness of the transverse ply, which is taken as a constant for 
the material. It should be possible to calculate the flaw distribution present within a 
tensile coupon provided that the value of for the material is known together with the 
tensile strength of each transverse ply element. Figure 8.3 shows the effective flaw size 
distribution for 0% SiC material, calculated using the values of local transverse ply 
fracture stress obtained in section 6.4.2 and the matrix fracture toughness determined in 
section 4.1. The actual cracking process within the transverse ply involves not only 
matrix fracture but also glass fibre/matrix debonding and so a value of the toughness of 
the transverse ply would be a more applicable value. In the absence of this value the 
matrix toughness should still give a reasonable estimate of the shape and relative sizes in
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the flaw distribution.
A limitation of this description of the flaw distribution is that it is based on the 
assumption that the flaws do not propagate until the critical applied stress results in fast 
fracture of the ply. This means that under increasing load no stable growth of the flaws 
occurs at lower stresses - this may not be the case physically. An alternative approach is 
to consider that all the flaws grow stably under increasing applied load until they reach 
some critical size a^ rit at which point fast fracture occurs. In practice there is probably a 
combination of the two processes. As the applied load is increased under quasi-static 
loading, the local tensile stress experienced by a given flaw increases until the terms of 
equation 8.1a are satisfied. The flaw will propagate until it encounters a region of greater 
crack resistance due to the presence of whiskers or local resin-rich regions which will 
arrest the growth of the micro-crack, as the local value of increases so equation 8 .1a 
is no longer satisfied. This will result in the flaw being arrested until the external load is 
increased sufficiently and further unstable growth may occur. This process may be 
repeated several times before catastrophic growth of the crack occurs in both the thickness 
(z) and width (x) directions.
In the case of the flaw distribution present during fatigue loading the problem is 
complicated by the fact that the load is varying constantly. Under these loading 
conditions, the flaws/cracks often exhibit stable fatigue crack growth provided that the 
stress intensity range is less than the fracture toughness of the material. In the case of 
fatigue loading the flaw distribution which grows to form the final crack array can be 
assumed to be a combination of flaws which form during the first tensile cycle of the test 
and flaws present before cycling, in the following way. Figure 8.4a shows a schematic 
representation of the flaw distribution present in the transverse ply at the coupon edge
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before the test commences. Upon the first tensile fatigue stroke the original flaws grow 
and additional flaws are created by a process of matrix/fibre debonding (figure 8.4b). The 
resultant distribution propagates under further fatigue cycling to produce the final crack 
array.
Having considered the distribution of flaws present the next logical step is to relate 
in a qualitative way, the experimentally observed stiffness reduction curves (figure 7.1) to 
the envisaged initial distribution of flaws (figure 8.4) with the aid of the data pertaining to 
the number of cracks per millimetre present during each fatigue test (figure 7.2). This is 
discussed in the next sections.
8.1.2 DEPENDENCE OF INITIATION BEHAVIOUR ON APPLIED LOAD
Under a given set of loading conditions the growth of a transverse ply flaw will 
depend on a number of factors, each of which must be considered in order to predict the 
rate of crack growth. These factors include:
a) applied load range which in turn will affect the stress range Aa, and hence the 
applied AG;
b) the local toughness of the transverse ply, ;
c) the initial size of the flaw, a  ^ ;
d) the critical flaw size for fast fracture to occur, a i^t ;
e) the transverse ply thickness, 2 d ;
f) the environment of the flaw (distance to nearest transverse ply cracks).
The above factors will affect the mode and rate of crack propagation to varying 
degrees. One of the more important factors to consider is a), the applied loading range.
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It is convenient to consider two situations. Firstly tests carried out at high applied peak 
load, in which a number of full width cracks are present from the first fatigue cycle and, 
secondly, tests completed at relatively low applied peak load but above the fatigue 
cracking threshold (at 50,000 cycles). The choice of these two conditions gives us 
differences in cracking behaviour to compare.
8.1.3 CRACK INITIATION ABOVE STATIC CRACKING THRESHOLD
Figure 8.5a shows a typical stiffness reduction curve for a specimen tested well 
above the static cracking threshold stress. In considering the processeses involved, we 
take three points on the stiffness reduction curve and relate the behaviour to the number of 
cracks present (shown in figure 8.5b) and our envisaged initial flaw distribution (shown 
schematically in figure 8.5c).
Point 1 - N1 cycles
Point 1 refers to the first tensile 1/4 cycle of the fatigue test which may be considered to 
be equivalent to a static tensile test of the same peak load. A significant reduction in 
stiffness is observed corresponding to the presence of full width cracks in the transverse 
ply. The presence of cracks at this point means that the largest flaws in the transverse ply 
have grown catastrophically i.e the maximum applied stress is greater than in equation 
8.1a for the larger values of ag. This is shown diagrammatically in figure 8.5c by a 
vertical boundary line which defines the point where the propagating flaws have the size 
acrit, from which point catastrophic flaw growth occurs.
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Point 2 - N2 cycles
Point 2 refers to the region of the stiffness reduction curve where there is a steady 
reduction in stiffness with increasing fatigue cycles, which corresponds to a steady 
increase in the number of cracks present in the coupon. The rate of stiffness reduction 
and the rate of crack formation have both reduced significantly relative to their values at 
N1 cycles. Physically this may be explained by considering the stress and crack 
distributions present within the ply. The areas adjacent to existing cracks will be shielded 
to a significant degree from the applied stress which results in a decrease in the applied 
strain energy release rate AG as the crack spacing decreases (e.g. Caslini et al 1987).
The increase in shielding is accompanied by an increase in the critical flaw size for 
unstable crack propagation depending on the distance of the growing flaw from the site of 
an existing crack. At some critical crack spacing corresponding to a critical transverse ply 
stress the flaw size necessary for unstable propagation to occur a i^t will exceed the 
transverse ply thickness. Under these conditions catastrophic propagation of the flaw will 
not occur and so initiation may be considered to be the stable growth of a flaw until it 
spans the ply thickness. Minimal stiffness reduction would be associated with the flaw 
since its area is only a very small proportion of the transverse ply area normal to the 
direction of loading.
Point 3 - N3 cycles
At point 3 no further increase in the number of cracks present is apparent from figure 8.5. 
This is coupled with only a very low rate of stiffness loss with increased cycling. The 
transverse ply appears to have reached a saturation level of cracking. This would suggest 
that for the range of fatigue cycles studied all flaws of a significant initial size have grown
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and produced transverse ply cracks. The flaws which remain were either of insufficient 
size to grow under this applied load or were heavily shielded by the presence of 
neighbouring cracks, thus they were below the fatigue threshold for crack propagation.
The gradual fall in residual stiffness associated with this point can be attributed to the 
growth of existing cracks at a low propagation rate due to stress shielding of neighbouring 
cracks.
8.1.4 CRACK INITIATION BELOW STATIC CRACKING THRESHOLD
Figure 8 .6 a shows the stiffness reduction curve for a crossply laminate loaded in 
fatigue at a level just below the static cracking threshold with the associated variation in 
number of cracks present shown in figure 8 .6 b. Once more it is possible to study a 
number of points on the stiffness reduction curve.
Point 1 - N1 cycles
In contrast to the tests carried out above the static cracking threshold, tests carried out 
below the static cracking threshold stress, but above the fatigue cracking threshold, show a 
delay before any significant stiffness reduction occurs. Correspondingly no full thickness 
cracks were detected. It is possible to explain this using a similar argument to that used to 
describe cracking behaviour at higher stresses in the previous section by considering a 
similar flaw distribution, shown in figure 8 .6 c. In contrast to the high applied loading 
conditions, here >  2 d at all crack densities so that unstable growth of the flaw 
cannot occur. Initiation in this case refers to the stable growth of a flaw until it spans the 
thickness of the transverse ply.
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At point 1 the boundary line defining full thickness growth is at a greater flaw size 
value than is present in the specimens after the first fatigue cycle. There is thus no 
macroscopic damage (in the form of full thickness cracks growing across the width of the 
coupon) and no stiffness reduction.
Point 2 - N2 cycles
After N2 cycles the largest flaws present have grown across the ply thickness and have 
begun to traverse the width of the coupon growing as fatigue cracks and resulting in a 
measurable stiffness loss.
Point 3 - N3 cycles
In a similar fashion to fatigue tests at a high applied peak stress the stiffness reduction 
curve at low peak stress appears to approach asymptotically a saturation value. However 
it is apparent from figure 7.2a, which shows the variation in the number of cracks present 
with fatigue cycles for the 0 % material, that the saturation number of cracks appears to 
increase with increasing load. This suggests that at the lower end of the flaw size 
frequency distribution curve a number of flaws remain which do not become full thickness 
cracks (figure 8 .6 c). This is due to the applied stress being insufficient to cause these 
flaws to develop sufficiently over the cycle range studied.
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8.1.5 QUANTITATIVE MODELLING OF CRACK INITIATION
We have considered the process of crack initiation qualitatively. In order to create 
a computer simulation of the cracking process and the stiffness reduction behaviour, a 
quantitative description of crack initiation must be made. Experimentally it was not 
possible to observe the initial growth of the cracks through-thickness because the 
resolution of the dye penetrant technique only permitted cracks that had fully spanned the 
thickness to be counted.
To define the appropriate flaw/crack distribution, an empirical relationship for the 
crack initiation behaviour of each material has been derived from the experimental data.
In order to do this, the experimental data for the number of cracks per millimetre versus 
fatigue cycles has been simplified to take the form of a three stage process. The steps in 
this process are outlined below for fatigue stress levels above and below the static 
cracking threshold.
la) Above static cracking threshold
At this loading level, the number of cracks per millimetre present after the first tensile 
cycle (Cj) is required. This parameter is determined from a plot of edge crack density 
(CD;) against number of fatigue cycles,.
lb) Below static cracking threshold
At this loading level the number of edge cracks present after the first tensile cycle will be 
zero. The first parameter required now becomes the number of cycles of loading until 
across width crack growth begins (N;). This may be determined from the plot of edge
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crack density (CDJ against number of fatigue cycles. The value of N; is defined by the 
cycle at which:
d(CD;)/dN = 0 -> d(CD;)/dN > 0
i.e. the number of fatigue cycles at which cracks are first observed using the penetrant 
technique.
2 )  Variation in cracks per millimetre (CD;) with fatigue cycling
This refers to the region of the test where the number of edge cracks present increases 
with increased fatigue cycling i.e. d(CDj)/dN > 0. This variation is defined by a 
parameter R; :
d(CD})/dN = the rate of crack initiation - R;
The value of R; is taken as a constant i.e. the number of cracks present is assumed to 
increase linearly with number of fatigue cycles.
3) Saturation cracking level for a given loading level
The third parameter required is the number of cracks present along the coupon edge at the 
stage where no further cracks appear at the edge of the coupon (Cj). This can be 
represented by the number of cracks present when d(CD;)/dN —> 0.
From the experimental measurements of Q , Rj, and either C; or N; (depending on the 
stress level) the variation in number of cracks per millimetre as a function of fatigue 
cycles may then be described empirically for a given material at any loading level.
Having established these empirical parameters to describe the initiation behaviour 
for each material at a given peak load, it is now appropriate to determine how each of the
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parameters varies with the applied peak load. These variations are shown in 
figures 8.7 - 8.9.
Figure 8.7a shows the variation in initial number of fatigue cracks (C;) for the 0% 
and 2% materials. A straight line fit of the form
Cj=B, . LOAD + ....(8.1)
can be used. Thus having calculated a value for the constants Bj and K, for each of the
materials we can calculate the number of through-thickness cracks present at the first
tensile stroke.
For the 5% and 10% materials there is an initiation delay (N;) which is a function of 
maximum applied load and can be modelled also as a best fit straight line
. LOAD + iq  ....(8.2)
In a similar fashion to equation 8.1, a knowledge of the values of K2 and B2 allow the 
variation in the value of N; the initiation delay to be determined.
The variation in rate of crack initiation R; with peak applied load is shown in figure 8 . 8  
for each material. Once more a straight line fit can be applied
Rg = B3 . LOAD + JSTj ....(8.3)
The data for the variation of saturation crack density, as a function of load shown in 
figure 8.9 is not linear. Therefore an alternative mathematical relationship is required.
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An equation of the form:
C  ^ = LOG,o {LOAD -  K f  ....(8.4)
was found to fit the data most accurately using a regression analysis. The use of the term 
in brackets allowed the fatigue cracking threshold to be incorporated. This was achieved 
by setting the value of K4 to the cracking threshold load minus one so that the right hand 
side of the equation was equal to zero at the cracking threshold.
To conclude, given the values of the K and B terms it is possible using equations
8.1 to 8.4 to calculate for each material the number of cracks initiated on the first tensile 
cycle C;, alternatively the delay until cracks initiate, the rate at which subsequent cracks 
appear R; and the total number of cracks which appear during the fatigue cycling Q . This 
provides the necessary quantitative crack initiation data to act as input for the
through-width crack growth.
8.2 MODELLING OF STABLE CRACK GROWTH ACROSS THE TRANSVERSE 
PLY WIDTH
8.2.1 MODELLING ISOLATED CRACK GROWTH USING A PARIS 
RELATIONSHIP
We have now established a method by which we may quantify the manner in which 
cracks initiate within the transverse ply. It is necessary next to establish some form of 
relationship which will indicate the manner in which the crack length (a) increases during 
cycling.
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Ogin & co-workers (see section 2.4.3), in a development of earlier work relating 
the fatigue crack growth rate to the crack tip stress intensity range AK, used a Paris type 
relationship to describe cross-width transverse ply crack growth as a function of the 
applied strain energy release rate range AG:
da
~dN = lO^(AG)
M . . . . (8 .5)
where da/dN is the crack growth rate, A and M are material constants and AG is the 
variation in strain energy release rate between the maximum and minimum applied stresses 
in the fatigue cycle. The strain energy release rate variation AG is given, for an isolated 
crack, by the relationship:
AG= d \ ^0 1^b)E^E2 A
\2th E .  .
/  \ /  J
. . (8 .6)
The values of A and M have been determined for each of the four materials from the 
single crack fatigue studies, described in section 7.2, as follows. The value of AG for 
each test was calculated from equation 8 . 6  using the laminate data of Table 5.1 and the 
values of Aa shown in Table 7.1. A plot of log (da/dN) against log (AG) for each of the 
materials is shown in figure 8.10. From this plot the values of A and M were calculated 
for the four materials as:
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Table 8.1 - Paris Law material constants
% SiC 0 2 5 10
A -10.72 -9.68 -12.96 -15.78
M 4.03 3.65 5.31 6.00
We now possess a quantitative description of the relationship between the rate of 
crack growth (da/dN) and the applied strain energy release rate (AG) and so that for a 
given system we can predict the crack length (a) after number of cycles (N). Note that 
because the expression for AG is independent of crack length this is a simple linear 
relation.
8.2.2 INTERACTION OF TRANSVERSE FLY CRACKS
The relationship described above is limited in that it describes the growth of an 
isolated crack within the transverse ply. In reality under fatigue loading conditions, 
cracks will often initiate and grow in regions of the transverse ply where cracks already 
exist. Boniface, Ogin & Smith (1991) using a similar approach to Laws & Dvorak (1988) 
considered the case where a third crack grows in between two existing transverse ply 
cracks. The situation considered is shown in Figure 8.11. With the aid of a shear-lag 
analysis based on a parabolic variation of longitudinal displacement in the transverse ply 
they obtained an expression for the strain energy release rate range AG of a crack growing 
in an environment where other transverse ply cracks are present:
A G 41+-'' 
a
' d \
b j E ^ E ^
\2
Aomin ^+0 '*E „
\2
tanh +tanh -tanh
/ . 2 j 2 J 2 jj
(8.7)
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The term within the second set of square brackets quantifies the reduction in applied AG 
experienced at the crack tip (C) due to the presence of neighbouring cracks (A & B)
(figure 8.11).
8.2.3 RELATIONSHIP BETWEEN CRACK GROWTH AND MODULUS 
REDUCTION
The relationship between total crack length and the residual modulus can be 
predicted using equation 6.8. The necessary assumptions associated with the use of this 
equation have been discussed in section 7.3. Quantitatively the overall crack length a,*;, 
equal to the total crack length of the fatigue crack array shown in figure 7.9, is related to 
the half crack spacing s by:
. . . . (8 .8)
^^tot
where L is the length of a coupon of width W. The reduced modulus of the coupon may 
then be calculated using equation 6.8
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8.3 COMPUTER SIMULATION OF TRANSVERSE PLY CRACKING 
BEHAVIOUR
8.3.1 COMPUTER PROGRAM STRUCTURE
From the empirical relations derived in section 8.1.5 it is possible to construct an 
initial crack array for the cross-width growth model (equation 8.5) and hence, with the aid 
of a computer simulation, to predict the fall in normalised modulus E/Eq with increasing 
numbers of fatigue cycles. A flow chart of the computer simulation program is shown in 
Appendix 8.1. The main steps are described below.
1) The %  SiC whisker present in the matrix is entered first.
2) The necessary constants required for the program are then retrieved using the laminate 
data shown in table 5.1. The required peal< load value is then entered from which, with 
the use of equations 8.1 - 8.4, the necessary values of C;, N;, R; and Cg are determined. 
These values are then used to describe the initial crack array.
3) The program uses a random number generator to determine each crack position along 
either edge of the coupon. This is in order to simulate the physical variation in cracking 
site spacings.
4) The number of fatigue cycles is incremented by an amount dN.
5) Taking each crack in turn the nearest neighbour distance is determined (figure 8.11 s^B, 
Sac, Sbc)- These values are then substituted into equation 8.7 to determine the value of AG 
for each crack. Taking this value of AG, together with the relevant values of A and M 
for the material (Table 8.1), the relevant growth increment for each crack (da) can be 
calculated using equation 8.5
6) Once the relevant growth increments for all the cracks have been determined, the total
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crack length a,ot is found by a process of simple addition.
7) The value of a^ ^^  is then converted to an equivalent crack spacing (equation 8.8)
8) The value of s calculated from equation 8.8 may then be substituted into equation 6.8 to 
find the normalised residual stiffness value (E/Eq) after N cycles.
The program then returns to stage 4 and stages 4 - 8  are repeated for the required number 
of times until the E/Eg curve indicates saturation.
Within the model, a number of assumptions are made about the manner in which 
cracks propagate. The most important assumption is that all cracks grow in a stable 
fashion in accordance with the Paris type relationship i.e. that the flaws effectively never 
attain At high applied stresses, in order to simulate fast fracture, flaws are assigned a 
high value of da/dN so that growth across the transverse ply width is instantaneous. The 
model also assumes that the transverse ply exhibits no toughness variation. Therefore the 
model does not allow for the arresting of cracks when they reach an area of higher 
toughness or alternatively an increase in growth rate in areas of low toughness. It is 
assumed that these opposing effects will effectively balance when considering a large 
number of cracks and so the overall rate of stiffness reduction will not be affected.
8.3.2 COMPUTER SIMULATION RESULTS
The results of the simulation are presented in figure 8.12a-d. Each line shown in 
the plots is the mean value of five computer simulations at the relevant peak load level. 
Figure 8.12a shows the model predictions for the 0% material. Comparison with the 
experimental results (figure 7.1a) shows only moderate agreement, the model 
overestimating the rate of fall in residual stiffness over the given range of fatigue cycling 
resulting in premature crack saturation. At load levels greater than those shown
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( > 3.4 kN) the predicted fall in modulus is even greater and the coupon achieves crack 
saturation almost immediately after the test begins. A possible reason for this difficulty is 
the assumption that the relationship between log (da/dN) and log AG remains linear at 
values of AG greater than those shown in figure 8.10 (corresponding to the single crack 
tests of section 8.2.1). Should the slope of the line decrease at higher applied AG then the 
simulation overestimate the crack growth rates. However attempts to remedy this problem 
experimentally by measuring crack growth rates at higher values of AG than those shown 
proved not to be feasible, as spontaneous initiation and growth of cracks in the regions 
neighbouring the "isolated" crack did not allow true readings to be taken. A second 
possible source of error lies in the approximations used for the initiation constants Q , R;, 
and Cs shown in figures 8.7 - 8.9; for example, an overestimate of the value of initiation 
rate R; will lead to a similar effect on the stiffness reduction curve to the overestimate of 
the isolated crack growth rate already described. A third possible cause of error is the use 
of equation 8.6 to calculate the modulus reduction based on the total crack length present. 
Once again, an incorrect estimate of the relationship between the total crack length a^ o, and 
the normalised modulus will produce an incorrect prediction (see section 7.3.3). This 
possibility appears less likely as the prediction of equation 6.8 for the variation in 
normalised modulus with crack density for the 0% material agrees well with the 
experimental data shown in figure 7.3a.
Comparison of the computer simulation for the 2% SiC material (figure 8.12b) 
with the experimental results (figure 7.1b), shows an overestimate of the rate of fall in 
residual stiffness and an underestimate of the modulus at crack saturation, in a similar 
fashion to the 0 %  material. The real rate of modulus reduction with fatigue cycling is 
smaller than is shown in figure 8.12a (0% SiC) and results in a higher residual stiffness at
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crack saturation. This reflects the greater resistance of the 2% material to transverse ply 
cracking.
The incorrectly predicted modulus reduction rate and the underestimate in modulus 
at crack saturation observed in both the 0% and 2% simulations can be due also to the 
failure of the simulation to predict local variations in the crack resistance of the transverse 
ply. A local increase in the toughness of the ply in the region of the crack tip due to, for 
example, the presence of whisker or a resin rich region, can lead to the premature arrest 
of a transverse ply crack before it has grown full width. The simulation assumes that 
apart from the influence of neighbouring cracks the transverse ply toughness remains 
constant across the ply width i.e. cracks are not arrested.
The results of the computer simulations for the 5% material are shown in figure 
5.12c. The simulation correctly shows a decrease in the initiation delay with increasing 
peak applied load. The residual modulus also decreases with increased applied load and 
agreement with the experimental data is reasonable. These remarks are also applicable to 
the results of the 10% simulations, although the range of initiation delay predicted for the 
10% material is much lower than is observed experimentally. This can be attributed to an 
overestimate of the rate of crack initiation due to the approximations made in modelling 
the edge crack data and in particular the value of N;.
8.4 DISCUSSION
Based on the discussion of the flaw initiation in the early part of this chapter we 
can speculate further on the role of the whisker on the cracking behaviour of the laminates 
studied.
180
Consider first the 5% and 10% SiC materials, in which there is a delay in initiation 
followed by a rapid acceleration of damage observed in the form of cracks growing across 
the width of the transverse ply with an associated stiffness reduction. The initiation delay 
may be attributed to the process of the growth of the flaws across the thickness of the 
transverse ply. From simple fracture mechanics (ignoring thermal stresses), for a flaw 
within the transverse ply:
E ....(8.9)
^ 1+B
where R =
This can be rearranged to give the relationship between the applied strain energy release 
rate range AG and the flaw size a
. . . . (8 .10)(1-B) £3
From the above relationship it can be seen that for fatigue tests at constant load 
(Aa^ = constant) the applied strain energy release rate is proportional to the flaw size.
This means that the driving force for growth of a flaw at early stages of flaw propagation 
will be low. While there is a lower driving force for growth any pinning by SiC whisker 
will be more effective at this stage i.e. during flaw initiation.
The initiation delay, which may be attributed to the interaction of whiskers with the 
developing crack, is followed by a significant increase in the number of through-thickness 
cracks growing across the transverse ply width. The description of flaw pinning by
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whisker could explain this apparent increase in the number of through-thickness cracks if 
we assume that the ability of the whiskers to pin full thickness flaws (2a = 2d) is 
significantly reduced relative to their ability to pin the initial flaw. The whisker will 
therefore have a much less marked affect on the growth of cracks across the coupon 
width.
The manner in which SiC additions affect crack growth in the transverse ply may 
be seen in figure 8.10. Comparing the AG value at the crack initiation thresholds it may 
be seen that the initiation threshold increases with increasing volume of whisker indicating 
that the presence of whisker suppresses the initiation process. In terms of crack growth 
across the transverse ply width, the slope of the da/dN - AG curve increases with 
increasing SiC content which would suggest that the SiC whisker causes the transverse ply 
toughness to decrease.
A second factor which might contribute to the apparent acceleration in the rate of 
damage within the transverse ply is the debonding of whisker from the resin matrix under 
fatigue loading. As the coupon is loaded the SiC whisker, or more specifically the 
whisker/resin interface, also undergoes fatigue loading. The tensile modulus mismatch 
between the whisker (483 GPa) and the epoxy resin (3.64 GPa) will lead to substantial 
shear stresses at the interface depending on the alignment of the whisker axis to the 
loading (y) direction. The exact behaviour of the interface under these conditions depends 
on the type of bonding between the whisker and resin as discussed in chapter 4; however, 
it would not be unreasonable to assume that the interface fails by a process of debonding. 
As the maximum shear stress occurs at the end of the whiskers this is the most likely site 
for the debond to initiate. The debonded length will increase incrementally with each 
fatigue tensile cycle until the load bearing/crack pinning ability of the whisker is
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drastically reduced. The time taken for debonding to occur will vary according to factors 
such as the bond strength, applied tensile stress and the orientation of the whisker relative 
to the loading direction. This whisker debond theory can be used to describe the initiation 
delay followed by the significant reduction in modulus and increase in the rate of initiation 
(Rj). As the initial flaw attempts to grow during the early stages of testing the whiskers 
are still bonded to the matrix resin in the path of the flaw and so crack pinning occurs. As 
the test progresses the whiskers debond reducing their ability to pin the cracks and so the 
rate of crack initiation increases.
On a more macroscopic scale, the effects of different fractions of SiC on the 
fatigue cracking behaviour of the transverse ply can be shown clearly by plotting some of 
the initiation parameters against the maximum applied strain on the first fatigue cycle.
The use of applied strain as the normalising factor allows for the variation in loading 
ranges and glass fibre volume fraction due to the variations in the coupon thicknesses. 
Comparing figures 8.13 and figure 8.14, it can be seen that over approximately the same 
peak percent applied strain range the low SiC content materials - 0% and 2% - display 
obvious evidence of cracking at commencement of the test (figure 8.13) whereas with the 
high SiC content materials - 5% and 10% - there is a definite delay before cracking is 
observed (figure 8.14). This is perhaps the most striking effect of the addition of SiC 
whisker to GFRP crossply laminates, along with the associated delay in the onset of 
stiffness reduction.
Another clear indiction that the SiC whisker interferes with the crack initiation 
process is given in figure 8.16 where the number of cracks at test termination (50,000 
cycles) is shown. Two distinct bands of behaviour corresponding to the low and high SiC 
whisker contents are shown. The reduction in number of cracks present at test
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termination accompanying the addition of high volume fractions of SiC whisker would 
suggest that either fewer initial flaws are created on the first tensile cycle, or that the 
flaws produced are pinned by the whisker and unable to propagate, or possibly a 
combination of these two factors.
8.5 SUMMARY
Based on the experimental data presented in chapter 7, a qualitative and 
quantitative description of crack initiation behaviour in the laminates has been obtained. 
This quantitative description has been combined with an existing fracture mechanics based 
model of through-width crack growth to produce a model of crack initiation and growth.
The computer simulation predictions have been compared with experimental data 
for the stiffness reduction/damage development behaviour of the four types of laminate 
studied. Reasonable agreement between the computer simulation and the experimental 
data has been obtained.
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Figure 8.1 - Propagation of an edge flaw in the transverse plyunder cyclic loading
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Figure 8.2 - Schematic representation of transverse ply edge flaw distribution
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Figure 8.3 Flaw distribution deduced from analysis ofquasi-static tensile data 130mm gauge length - 0% SiC
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Figure 8.4 -Schematics of initial flaw distribution in coupons
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Figure 8.5 - Transverse ply crack initiation at peak loads above the static cracking threshold of the material8.5a - Reduction in normalised modulus with fatigue cycling
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8.5b Variation in number of transverse ply cracks/mm present with fatigue cycling
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Figure 8.6 - Transverse ply crack initiation at peak loads below the static cracking threshold of the material8.6a - Reduction in normalised modulus with fatigue cycling
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8.6b - Variation in number of transverse ply cracks/mm presentwith fatigue cycling
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8.6c - Schematic of flaw distribution change with fatiguecycling 
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Figure 8.7a Number of cracks present in the transverse ply after first tensile quarter cycle (C|) for coupons tested above static cracking threshold0% 2%
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Figure 8.7b - Number of initiation fatigue cycles delay (N--) for coupons tested below static cracking threshold ^
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Figure 8.8 - Rate of crack initiation (R^) within the transverse ply
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Figure 8.9 - Number of cracks/mm (Cg) present at test termination
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Figure 8.10 - Variation in isolated crack growth rate with AG for single crack experiments
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Figure 8.11 - Interaction of cracks partially spanning the width of the transverse ply
crack A
crack C
crack B
J
i
195
Figure 8-12
Prediction of residual stiffness reduction under fatigue loadingconditions
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Figure 8.12
Prediction of residual stiffness reduction under fatigue loadingconditions
8.12b - 2% Sic whisker
1. 00 -;
0.98-
0.96-
0.94-
Ü? -UJ 0.92-
0.90- 1 '
0.88-
0.86-
0.84 5040302 010
NUMBER OF CYCLES 
(Thousands)
------3 kN ....3.1 kN - - -  3.2 kN
....... . 3.3 kN — 3.4 k N ... ....3.5 kN
197
Figure 8.12
Prediction of residual stiffness reduction under fatigue loadingconditions
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Figure 8.12
Prediction of residual stiffness reduction under fatigue loadingconditions
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Figure 8.13 - Variation in number of cracks/mm present afterfirst tensile fatigue cycle with applied strain
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Figure 8.14 - Variation in number of initiation delay cycles N.* with applied strain
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Figure 8.15 - Variation in crack initiation rate with applied strain
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Figure 8.16 - Variation in number of cracks at test terminationCg with applied strain
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Appendix 8.1 - Fatigue cracking/modulus reduction computersimulation flowchart
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2 )
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4)
5)
6 )
7)
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^UTI (FROM FILE) b; d, W, L LOAD
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IITIAL FLAW / ARRAY 8.1 - 8.4)
INCREMENTFATIGUE NUMBER OF CYCLES
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INCREASE IN EACH CRACK 8.5 - 8.7)
CONVERT TO EQUIVALENT CRACK SPACING (equation 8.8)
CALCULATE NEW NORMALISED MODULUS (equation 6.8)
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CHAPTER NINE
CONCEIJSTONS
& FURTHER WORK
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From the results of this project the following conclusions may be drawn:
Processing
1) A method has been developed by which SiC whisker up to 10% by volume may be 
used as a toughening agent for an epoxy resin material and subsequently a method has 
been developed for fabricating crossply laminates incorporating the whisker reinforced 
resin.
2) The use of ethanol (as a transport medium) was found to slightly modify the mechanical 
properties of the epoxy resin, decreasing the tensile strength and tensile modulus of the 
material.
Mechanical properties of SiC reinforced resin
3) The incorporation of SiC whisker into epoxy resin resulted in increases in the Young's 
tensile modulus, tensile strength and fracture toughness of the material.
Crossply laminate properties
4) The crossply laminates produced were found to increase in thickness with increasing 
SiC volume fraction due to the increased volume of solid present during the laminate 
consolidation/cure which resulted in a variation in the volume fraction of the continuous 
glass fibre.
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Quasi-static tensile loading of crossply coupons
Modulus reduction and the associated damage development in the transverse ply has been 
monitored during quasi-static loading conditions:
5) The static cracking threshold strain for the transverse ply was found to increase with 
increasing fractions of SiC (244% increase resulting from the inclusion of 10% SiC in the 
matrix).
6) At any given applied strain up to the failure strain of the coupon, the number of cracks 
within the transverse ply was found to decrease with increasing fraction of SiC whisker. 
This results in an increased residual normalised longitudinal stiffness (E/Eg) with increased 
SiC content at a given applied strain.
7) The transverse ply crack propagation is "mechanism-controlled" under these loading 
conditions with all cracks spanning the full thickness and width of the transverse ply 
instantaneously once a critical stress is applied.
8) The relationship between the average transverse ply crack spacing and the applied load 
can be predicted using a two parameter Weibull-based statistical shear-lag model.
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Tension-tension fatigue loading of crossply laminates
Modulus reduction and the associated damage development in the transverse ply has been 
monitored under tension-tension fatigue loading conditions:
9) Under fatigue loading the transverse ply cracks form in a stable manner the length of 
each crack increasing with continued cycling. The growth rate of individual cracks can be 
described using a Paris type equation relating the crack growth rate to the applied strain 
energy release rate range (AG). Two appropriate material constants may be determined 
from fatigue tests which measure the growth rates of isolated cracks.
10) The incorporation of SiC inhibits the growth of flaws (crack initiators) in the 
transverse ply under fatigue loading. It is proposed that this is achieved by a crack 
pinning mechanism.
11) It is further proposed that the effectiveness of such pinning reduces with continued 
fatigue cycling due to debonding of the SiC whisker.
12) The incorporation of SiC whisker improves the resistance of crossply laminates to 
transverse ply cracking under fatigue loading. The incorporation of 10% SiC whisker by 
volume of the matrix increasing the fatigue cracking threshold strain, measured over
50,000 fatigue cycles, from 0.23% to 0.55%
13) The saturation crack density decreases with increasing volume fraction of SiC whisker 
which results in a greater residual longitudinal modulus in the whisker reinforced
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laminate.
FURTHER W ORK
One aspect of this project which has not been studied is the effect of SiC whisker on the 
fatigue life of crossply laminates. Results from the static tensile testing of the whisker 
loaded material would suggest that SiC may cause damage within the longitudinal plies. 
Such damage may be detrimental to the fatigue life of the material and is worthy of 
further study.
This project has concentrated on studying the effects of SiC whisker incorporation on the 
transverse ply cracking mechanism. It would be equally applicable to study such effects 
on other matrix dominated damage mechanisms such as interlaminar failure (ply 
delamination) in order to characterise more fully such a hybrid composite. Such work 
would necessitate the use of alternative lay-ups so that the effects of SiC whisker on ply 
orientation may also be studied.
There is no apparent reason why SiC whisker should not be studied in other 
continuous fibre/resin systems for use where modification of the matrix properties would 
be advantageous. Alternatively different secondary reinforcing elements should be 
investigated that produce similar 'hybrid' reinforcement properties without the problems of 
health risks and processing.
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The modelling of the mechanical behaviour of the whisker loaded epoxy systems 
has focused on the growth of matrix cracks across the width of the transverse ply. A 
logical step would be to study more closely the actual process of crack initiation i.e. the 
growth of flaws until they span the transverse ply thickness or reach the critical size for 
fast fracture of the ply to occur. Further understanding of this problem is of relevance to 
many composite systems, not just those of the present study.
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